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The  effect  of  particle  size  on  the  destabilization  of  aqueous 
colloidal  suspensions  has  been  intensively  investigated.     The  study 
includes  both  coagulation  by  metal  coagulants  and  flocculation  by  poly- 
mers. 

Most  of  the  mrk  has  been  done  vith  latex  suspensions,  but  some 
studies  enplo^g  suspensions  of  days  and  silicas  are  also  included. 

The  closely  monodisperse  latex  spheres  provided  an  ideal  model 
to  study  size  effects.     By  means  of  a  simple  series  of  observations  it 
is  demonstrated  that  suspensions  having  the  same  might  concentration 
but  differing  in  particle  size  ms^  exhibit  iiidely  different  optical 
turbidities. 

The  escperimental  work  was  based  on  the  veil-established  jar- 
testing  technique,  and  a  synthetic  water  was  used  throughout.    Wbrking 
with  a  cationio  polymer,  it  was  found  that  optimum  turbidity  removal 
occurred  over  narrow  dosage  ranges,  and  that  these  optimum  dosages 
increased  directly  with  an  increase  in  the  suspension  concentration  and 


xxi 


also  with  a  decrease  in  particle  size  i.e.,  were  directly  proportional 
to  the  surface  areas  of  the  systems.  Experiments  with  polydisperse 
suspensions  confirmed  these  findings,  both  for  turbidity  removal  and 
for  electrophoretic  mobility  reversal. 

Studies  on  rates  and  lengths  of  mixing  showed  that  the  size  and 
number  concentration  of  particles  influence  the  kinetics  of  the  process. 
Times  for  the  appearance  of  the  first  visible  floe  have  been  observed 
to  vary  with  the  reciprocal  of  the  weight  concentrations  and  apparently 
of  the  surface  areas  of  the  systems.  Experiments  with  calcium  chloride 
indicate  that  particle  size  does  not  Influence  the  required  dosages 
where  pure  coagulation  is  the  prevailing  mechanism.  A  nonionic  polymer 
in  the  presence  of  calcium  chloride  produced  optimum  turbidity  removals 
at  dosages  related  to  both  concentration  and  particle  size. 

Experiments  with  silica  suspensions  of  various  average  particle 
sizes  destabilized  with  cationic  polymer  show  similar  effects.  Work  with 
alum  at  pH  =  k.O^  where  a  tripositive  ion  is  believed  to  predominate  in 
the  solution,  indicates  that  dosages  for  coagulation  are  not  affected 
by  suspension  concentration  or  particle  size.  At  pH  =  5*2,  however, 
where  hydrolyzed  polymerized  complexes  of  the  aluminum  ion  are  believed 
to  exist,  much  lower  dosages  are  required  for  destabilization,  and  an 
optimum  occurs  at  values  that  are  little  affected  by  suspension  concen- 
tration and  particle  size,  indicating  an  intermediate  situation  between 
the  effect  of  size  in  the  case  of  a  metal  coagulant  and  in  that  of  a 
high  polymer. 

Further  experiments  using  as  a  practical  model  suspensions  of  two 
samples  of  kaolinite  clay  of  known  particle  size  distributions,  when 
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destabilized  with  a  cationic  polymer,  produced  results  which  are  in 
strong  semiquantitative  agreement  with  the  results  obtained  for  the 
latexes  and  silicas. 

The  investigation  was  extended  to  carbon  black  samples  and 
finally  to  a  colored  water  as  an  extreme  case  of  very  small  particle 
size,  and  the  results  obtained  agreed  with  those  predicted  from  the 
previous  findings. 

It  is  concluded  that  particle  size,  being  related  to  surface 
area,  has  a  direct  effect  on  the  dosages  required  for  flocculation  or 
destabilization  with  polymers,  a  decrease  in  size  requiring  increased 
dosages.  It  is  of  little  importance  in  the  case  of  coagulation  by  metal 
coagulants.  Particle  size  has  also  an  effect  on  the  kinetics  of  the 
destabilization  process;  work  with  polymers  shows  decreasing  floe  times 
for  increasing  suspension  concentrations  and  surface  areas. 
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I.  INTRODUCTION 

Very  little  information  is  to  be  found  in  the  literature  concern- 
ing the  effects  of  physical  factors  in  general  on  the  destabilization 
of  colloidal  suspensions  as  applied  to  water  treatment.  Still  less  is 
found  specifically  on  the  effect  of  particle  size  as  one  of  these 
factors. 

In  1952,  Langelier  and  his  coworkers  were  probably  the  first  to 
discuss  these  effects.  They  found  that  the  particle  size  distribution 
of  a  clay  suspension  had  a  definite  effect  on  turbidity  and  on  coagulant 

demand  when  alum  was  used  in  its  destabilization  at  uncontrolled  but 

2 
nearly  neutral  pH  conditions.  Linke  and  Booth,  investigating  the  effect 

of  polyacrylamides  on  concentrated  silica  suspensions,  found  that  particle 

size  was  an  important  factor  in  determining  the  amount  of  p61ymer  needed 

to  flocculate  the  system.  More  recently  Kane  et  al, ,-^  also  working  with 

concentrated  silica  suspensions,  indicated  that  at  a  given  solids  content, 

the  optimum  concentration  of  polymer  increased  with  decreasing  average 

particle  size. 

In  spite  of  these  observations,  an  intensive  investigation  of  the 

effect  of  this  parameter  upon  the  destabilization  mechanisms  was  still 

lacking.  This  investigation  includes  studies  employing  several  different 

types  of  particles  and  suspension  concentrations  within  the  ranges 

normally  found  in  water  treatment. 

Close  control  of  the  size  of  the  particles  is  indispensable  in 
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this  type  of  study.  It  is  only  in  recent  years  that  a  series  of  extremely 
small,  remarkably  uniform  latex  spheres  has  been  made  available.  These 
particles  can  be  obtained  in  the  form  of  monodisperse  suspensions  over  a 
range  of  sizes  that  covers  those  of  most  of  the  materials  producing  tur- 
bidity in  water.   These  latex  suspensions  have  been  found  to  be  satis- 
factory for  studies  planned  to  determine  the  effects  of  particle  size  on 
destabilization.  Suspensions  of  other  materials,  including  clays,  silicas, 
activated  carbon,  ion  exchange  resins  and  the  color  colloids  comprising 
the  "organic  color**  of  some  surface  waters  have  also  been  studied. 

It  is  important  that  a  distinction  be  made  between  the  terms  floc- 
culation  and  coagulation.  They  have  long  been  used  interchangeably,  but 
as  our  understanding  of  the  basic  mechanisms  involved  in  the  destabiliza- 
tion of  colloids  has  progressed,  it  has  become  increasingly  clear  that 
different  forces  are  involved.  By  coagulation  is  meant  a  general  kinetic 
process  obeying  the  simple  Smoluchowski  equation.  It  is  brought  about  ty 
neutralization  of  the  repulsive  potential  of  the  electrical  double  layer. 
When  this  occurs,  the  forces  of  attraction  between  adjacent  particles 
come  into  play  and  micro  floes  are  formed. 

On  the  other  hand,  in  flocculation  by  polymers  a  bridging  mecha- 
nism between  particles  characterizes  the  process.  The  polymers,  being 
long  chain  molecules,  attach  themselves  to  a  particle  on  a  few  points 
or  segments  while  the  rest  of  the  molecule  extends  into  the  solution. 
Upon  collision  with  other  particles,  these  extended  segments  can  then 
be  adsorbed  on  them,  and  this  process  results  in  flocculation. 

In  the  case  of  destabilization  with  alum  and  with  a  few  other 
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hydrolyzing  coagulants,  complicated  reactions  resulting  in  the  formation 

of  polymeric  species  are  believed  to  take  place,  »  5»  ♦  ''   and  a 

mechanism  falling  somewhere  in  between  that  for  metal  ions  and  for  high 

polymers  appears  to  be  involved. 

An  investigation  of  the  effect  of  particle  size  on  destabilization 

should  consider  each  of  these  three  cases  separately.  In  addition,  in 

the  case  of  flocculation  hy  high  polymers,  both  cationic  and  nonionic 

materials  should  be  studied  since  the  mechanisms  involved  may  be  dif- 

9,  10 
ferent. 


II.  THEORETICAL  CONSIDERATIONS 

Stability  of  Colloids  -  De stabilization 

It  is  well  known  that  two  factors  are  mainly  responsible  for 
the  stability  of  lyophobic  sols.  The  electrostatic  repulsion  of 
similar  double  layers  surrounding  the  sol  particles,  and  hydration  ot 
protective  fluid  layers  are  sufficient  to  overcome  Brownian  motion  and 
the  van  der  Waals*  attraction  forces  that  tend  to  make  particles 
coalesce  and  destabilize  the  suspension. 

Fluid  motion,  as  produced  by  mechanical  mixing,  may  under  the 
proper  conditions  supplement  Brownian  motion  and  assist  in  destabilizing 
the  suspension. 

Coagulation  in  a  Static  Dispersing  Medium 

VAien  no  fluid  motion  is  present,  coagulation  depends  on  Brownian 
motion  alone.  M.  von  Smoluchowskl   made  a  classical  study  of  the  rate 
of  this  process  under  "rapid"  coagulation  conditions,  i.e.,  assuming 
the  double  layer  repulsion  to  be  entirely  suppressed  by  an  addition  of 
electrolyte.  Under  these  conditions  all  collisions  result  in  bonding 
of  the  particles.  He  studied  also  the  case  of  "slow"  coagulation  where 
repulsion  is  not  entirely  suppressed  and  all  collisions  are  not  effec- 
tive. His  analysis  is  based  on  the  assumptions  that  all  the  particles 
are  spherical  and  of  the  same  size,  and  that  the'  average  number  of  par- 
ticles colliding  at  a  given  moment  is  small  as  compared  to  the  total 
number  of  particles  per  unit  volume,  so  that  the  probability  of 
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simultaneous  multiple  collisions  is  very  small*  , 

The  problem  is  considered  as  one  of  diffusion  and,  as  an  approxi- 
mation* the  Van  der  Waalb*  forces  are  replaced  by  a  sphere  of  attraction 
surrounding  each  particle.  Vihen  the  coagulation  process  is  initiated 
and  the  center  of  attraction  of  one  primary  particle  moves  into  the 
attraction  sphere  of  another,  they  comlidne  into  a  larger  binary  particle 
having  reduced  speed*  This  process  is  repeated  and  also  collisions  occur 
between  primary  and  binary  and  then  with  tertiary  particles  and  so  on* 
As  a  result,  the  dispersed  material  combines  into  individual  masses 
large  enough  to  settle*  As  a  result  of  his  mathematical  analysis, 
Smoluchowski  shoved  that  the  coagulation  time,  as  defined  by  the  reduc- 
tion of  the  number  of  particles  to  one-half  the  initial  number,  is 
inversely  proportional  to  this  initial  number*  This  means  that  the 
more  concentrated  the  suspension,  the  faster  coagulation  shouldi>roceed* 

As  stated  above,  the  Smoluchowski' s  analysis  is  based  on  the 

12 
assuBqption  of  a  monodlsperse  system*  However,  HiiUer   has  shown  that 

polydlspersity  increases  the  probability  of  interpartlcle  collision* 

Also,  deviations  from  the  spherical  form  produce  a  similar  effect* 

Wiegner  ^  used  the  terms  perlklnetie  to  designate  coagulation  by 
Browiian  motion  alone,  and  orthokinetic  ^en  it  is  caused  mainly  by 
induced  agitation*  The  latter  will  be  discussed  below* 
Gradient  Coagulation 

When  the  fluid  is  not  static  but  subject  to  motion  the  number  of 
collisions  per  unit  time  is  very  much  increased* 

If  laminar  flow  is  assumed,  having  a  velocity  gradient  along  Z, 
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perpendicular  to  the  direction  of  flow,  an  expression  can  be  easily 
found  for  the  probability  of  the  particles  colliding.  In  Figure  1 


Fig,  1  -  Projection  on  the  YZ  Plane  of  the  Sphere  of  Influence  Assumed 
to  Surround  Particle  at  0. 


where  laminar  flow  is  assumed  to  exist  in  the  X  direction,  perpendicular 

to  the  plane  of  the  paper,  particles  moving  either  slower  or  faster  than 

the  one  at  the  origin  will  collide  with  it  if  they  enter  its  sphere  of 

attraction,  shown  here  projected  as  a  circle.  Since  the  relative 

velocity  of  the  particles  at  height  a  is  z  ~,  the  area  of  the  circle 

between  z  and  z  +  dz  is  2Vr  -z  dz,  and  if  the  number  of  particles  per 

unit  volume  is  n,  the  collision  probability  will  be: 
/*r 

C=  Znz^sUir^z 

J-'T 

or  integrating:     C  =    ^  nr^  Idu] 
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This  expression  shows  a  strong  dependence  on  particle  size*  since  the 
radius  of  the  sphere  of  attraction  or  radius  of  coagulation  is  directly- 
related  to  it. 
Coagulation  in  Turbulent  Flow 

Conditions  for  laminar  flow  in  water  are  very  limited,  and  turbu- 

1^ 
lent  flow  is  present  in  most  practical  cases*  Levich   studied  this 

problem,  and  derived  an- expression  for  the  rate  of  coagulation  as  a 

function  of  number  of  primaxy  particles  and  the  radius  of  coagulation. 

He  based  this  derivation  on  two  assumptions :  (1)  that  the  coagulation 

radius  of  the  particles  is  very  small  as  compared  to  the  microscale  of 

turbulence,  and  (2)  that  colloidal  particles  are  ooo^letely  contained 

within  the  turbulent  eddy,  the  mechanism  of  contact  occurring  on  a  scale 

less  than  the  size  of  the  eddy.  These  assumptions  are  equivalent  to  one 

of  isotropic  turbulence,  in  \d)ich  the  particles  are  supposed  to  migrate 

in  a  completely  random  way,  similar  to  that  of  Brownian  motion. 

Under  these  conditions  it  was  shown  that  the  rate  of  coagulation, 
as  in  the  case  of  laminar  mixing,  is  proportional  to  the  cube  of  the 
radius  of  coagulation  r. 

A  comparison  with  the  niunber  of  encounters  produced  by  Brownian 
motion  shows  that,  for  larger  particles,  mixing  is  the  determining  fac- 
tor in  producing  coagulation,  whereas  as  particle  size  decreases  Brownian 
motion  becomes  the  predominant  factor.  ,, 

Recently  Swift  and  Friedlander^  theoretically  and  experimentally 
have  investigated  the  coagulation  of  hydrosols  by  Brownian  motion  and  by 
shear  flow,  and  found  it  to  satisfy  Smoluchowski's  equations.  Fair  and 
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Gemmel   have  developed  a  model  of  floe  growth  for  orthoklnetic  coagu- 
lation, and  utilized  high-speed  digital  computers  to  obtain  numerical 
results . 
Flocculation  by  Polymers 

In  the  discussion  above,  direct  collision  between  particles  and 
bonding  due  to  the  Van  der  Waals*  forces  of  attraction,  have  been 
assumed.  When  long  chain  polymers  are  used  in  destabilization,  either 
alone  or  in  conjunction  with  metal  coagulants,  a  different  mechanism 
seems  to  pzvvall.  Polymer  molecules  are  adsorbed  on  particles  at  several 

points  of  their  structure,  and  since  they  are  long  chains,  extend  into  the 

17 
solution.  In  195^}  Jenckel  and  Rumbach  were  the  first  to  propose  this 

extended  segment  theory  that  soon  received  confirmation  by  additional 
support  in  the  investigations  by  Koral  et  ^.,   Gottlieb,   Peterson  and 
Kwei,^°  and  Fontana  and  Thomas .^^  Simha,  Friseh  and  Eirich^^'  ^^*  ^^ 
developed  a  theoretical  model  in  which  the  polymer  molecule  appears  to  be 
adsorbed  on  the  particle  surface  at  a  fraction  of  the  chain  segments,  while 
the  others  extend  or  loop  into  the  solution.  Polymer  adsorption  is  hin- 
dered by  inflexibility  of  the  chain,  polymer-polymer  interactions  on  the 
particle  surface  and  difficulties  in  matching  the  spacing  of  the  adsorption 
sites  on  the  particle  with  the  length, of  the  chain  segments  on  the  polymer. 

The  polymer  bridging  mechanism  was  proposed  first  by  Ruehrwein 

7 
and  Ward  in  1952.  This  theory  postulates  that  polymer  chains  are 

partially  adsorbed  on  a  particle  surface  and  extend  iiito  the  solution 

phase.  Polymer  bridges  are  formed  when  these  extended  segments  sorb  onto 

vacant  adsorption  sites  of  other  particles  in  the  suspension,  thus 


25 
initiating  the  formation  of  a  floe.  La  Mer  and  coirorkers  -^  assumed 

that  for  polymer  bridging  to  occur,  a  fraction  n^d  of  the  number  concen- 
tration n^  of  particles  in  the  system  had  to  be  initially  covered  by 
adsorbed  polymer  molecules  while  the  other  fraction  r^  (1-0)  remained 
uncovered.  The  parameter  6  represents  the  fraction  of  the  total  area  of 
the  system  covered  with  polymer,  and  (1-6)  the  fraction  that  remains  \in- 
covered  and  available  for  the  adsorption  of  extended  polymer  chain  seg- 
ments upon  the  close  approach  of  the  particles  at  a  rate  detennined  by 

von  Smoluchowski's  diffusion  equation*  In  the  aforementioned  condition, 

26 
La  Ker  and  Healy  proposed  that  optimum  flocculation  should  occur  vAien 

6  =  0.5*   Also,  Healy  and  La  Her  '   have  introduced  the  parameters  p 
and  T  into  the  proposed  mathematical  flocculation  model  where  f  is  the 
number  of  adsorbed  segments  and  t  the  total  number  of  segnents  in  the 
polymer  molecule.  They  also  reestablish  6  as  the  fraction  of  adsozption 
sites  covered  by  the  polymer  as  compared  to  the  total  ntmber  of  adsorp- 
tion sites  on  the  system  surface.  Under  the  original  La  Mer's  floccula- 
tion theory  it  was  assumed  that  an  optimum  floe  size  exists  for  each  set 
of  conditions  of  the  system.  Consequently,  it  is  possible  to  determine 
mathematically  a  relationship  between  the  floe  radius  R  and  the  quanti- 
ties 6  and  i\)  described  before,  no  ^3  in  turn  proportional  to  W,  the 
solids  concentration  for  a  fixed  particle  size  distribution.  Vlhen 
equilibrium  conditions  are  established,  the  rate  of  floe  formation, 
assumed  to  be  proportional  to  the  product  n^  6  (1-9)  should  equal  the 
rate  of  disintegration.  It  is  further  assumed  that  the  latter  varies 
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directly  with  floe  volume  and  inversely  with  floe  area  and  the  produet 
©  (1-9)  .  The  Kozeny-Carman  equation  is  then  used  to  relate  R  to  the 
rate  of  refiltration  of  the  suspension  through  a  cake  formed  in  a  first 
filtration.  This  filter  eake  is  formed  from  the  flocculated  particles 
of  radius  R.  5y  introducing  in  the  Kozeny-Carman  equation  the  condition 
that  when  no  flocculant  is  present  R  =  Ro  they  arrive,  after  a  few  mathe- 
matical steps,  at  the  conclusion  that  the  optimum  polymer  dosage  is 
related  to  the  sum  of  first  and  second  power  terms  of  the  solids  concen- 
tration of  the  suspension.  However,  in  a  more  recent  paper  by  Kane, 

28 
La  Mer  and  Linford   the  second  power  term  is  neglected  on  the  basis  of 

experimental  evidence  with  silica  suspensions.  The  contention  that  opti- 
mum flocculation  occurs  when  6  =  0.5  is  arrived  at  from  a  purely  mathe- 
matical standpoint  and  does  not  consider  certain  physical  and  chemical 

details  of  the  problem,  which  have  been  discussed  by  other  investigators. 

20,  21,  29,  30,  31»  32,  33,  3^  „     ,  .^     .    j.  '     v     ^,     ^ 
f   »  ^t  J  t  J  ^  J  t  jj%  j^    Pqj.  ^  gelatin-quartz  system,  Kragh  and 

Langston*'^  found  optimum  floce\ilation  to  occur  when  only  one  third  of  the 
saturation  amount  of  gelatin  had  been  adsorbed.  Birkner*^  studied  the 
adsorption  of  labelled  polymers  on  kaolinite  and  montmorillonite  clays 
and  found  this  value  to  vary  between  9  and  32  percent.  A  portion  of  this 
amount  of  adsorbed  polymer  may  be  coiqpletely  deposited  on  the  surface 
while  the  remainder  either  loops  and  extends  into  the  solution  phase  or 
forms  interparticle  bridges. 
General  Predictions 

From  the  work  which  has  been  reviewed,  it  appears  that  in  the  pro- 
cess of  flocculation,  surface  areas  of  the  systems  are  related  in  some  way 
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to  the  polymer  dosages  required  for  their  destabillzation.   In  the  case 
of  pure  coagulation,  when  non-hydrolyzing  coagulants  are  used,  coagulant 
dosage  would  not  be  esqpected  to  be. affected  by  particle  size  and  sur- 
face area.  Surface  areas  increase  directly  with  a  decrease  in  average 
particle  size,  as  can  be  easily  verified  for  a  system  of  monodisperse 
spheres.  If  we  assume  that  the  spheres  have  a  radius  r  and  a  density  y£7, 
the  mass  m  of  each  sphere  is  (4/3)  '^  rp    .  The  number  n  of  spheres  per 
gram  is  l/m  and  if  4  'TT  r  =  a  is  the  surface  area  of  a  sphere,  the 
specific  area  of  the  system  will  be  A  =  na.  Hence  A  =  ij-  tt  r  /(V3)^ry' 
or  A  =  3/r/7  which  shows  the  inverse  relationship  postulated  above. 

For  flocculation,  however,  the  optimum  polymer  dosage  should 
depend  to  some  extent  on  the  surface  area  of  the  system  and  should  there- 
fore be  a  function  of  both  particle  size  and  suspension  concentration. 

The  number  of  interparticle  collisions  depends  on  the  number  con- 
centration of  particles.  For  a  given  particle  size  and  type  it  will  then 
be  directly  proportional  to  weight  concentration.  The  time  required  for 
the  appearance  of  the  first  visible  floe,  depending  on  number  of  colli- 
sions, should  also  vary  inversely  with  the  concentration  for  a  givai 
particle  size.  A  variation  in  size,  in  turn,  should  have  a  direct  effect 
on  these  times  if  weight  concentration  remains  unchanged. 


III.  EXPERIMENTAL  MATERIALS  AND  PROCEDURES 

Most  of  the  experiments  were  performed  using  latex  suspensions. 
Such  suspensions  of  monodisperse  particles  are  available  in  a  wide  range 
of  particle  size  and  were  found  to  be  well  suited  for  the  destabiliza- 
tion  studies  to  be  made.  Other  materials  studied  included  four  different 
silica  suspensions  and  two  different  kaolinite  clay  suspensions,  all  of 
known  particle  size  and  distribution.  A  few  tests  were  made  using 
samples  of  carbon  black  of  known  particle  size  and  distribution  and  a 
few  with  an  ion  exchange  resin.  Finally,  a  colored  surface  water  was 
flocculated  with  the  cationic  polymer  in  an  attempt  to  extrapolate 
results  obtained  with  the  other  materials  to  those  obtained  by  the  de- 
stabilization  of  the  color  colloid,  of  very  much  smaller  particle  size. 

Suspending  Medium 

The  suspending  medium  used  throughout  the  study  was  deionized 
water  to  which  was  added  50  mg/l  of  pure  NaHCO^.  This  provided  a  ^n- 
thetic  water  having  a  concentration  of  0.59'*'  milliraols/l,  an  ionic 
strength  of  0.0006,  of  moderate  buffer  capacity  and  containing  no  multi- 
valent cations  or  anions.  The  concentration  of  Na"*"  was  14  ppm;  of  HCOo" 
36  ppm. 

Coagulants  and  Flocculants 

Particle  size  effects  were  investigated  with  both  inorganic  coagu- 
lants and  with  polymers.  The  two  inorganic  coagulants  used  were 
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calcium  chloride  and  aluminum  sulfate,  the  latter  over  two  different  pH 
ranges.  Aluminum  sulfate  has  been  designated  as  alum  on  the  tables  and. 
figures.  They  were  prepared  t^y  simple  solution  of  the  reagents  in 
double  deionized  water.  Fresh  solutions  of  aluminiun  sulfate  were  pre- 
pared daily. 

Two  types  of  polymers,  a  cationic  material  and  a  nonionic  material, 
were  used.  The  cationic  polymer  is  a  linear  homopolymer  of  diallyl- 
dimethylaramonium  chloride,  consisting  of  a  linear  chain  of  recurring 
N-substituted  piperidinium  halide  groups  alternating  along  the  chain 
with  methylene  groups.  The  molecular  weight  of  the  sample  used,  which 
was  designated  as  CAT-FLOC  1015,  was  less  than  50,000. 

The  nonionic  polymer*  was  a  polyacrylamide,  which  was  about  ^J-  per- 
cent hydrolyzed.  The  average  molecular  weight  was  between  four  and  six 
million.  This  polymer  is  designated  as  Separan  NP-20. 

Preparation  of  working  solutions  of  the  cationic  polymer  required 
only  careful  weighing  and  a  short  period  of  rapid  mixing,  employing  a 
magnetic  stirrer.  The  nonionic  polymer  was  much  more  difficult  to  dis- 
solve, requiring  about  two  hours  of  relatively  slow  mixing  for  complete 
solution. 

Preparation  of  Susi^ensions 

All  dilute  suspensions  to  be  destabilized  were  prepared  immedi- 
ately before  use.  In  the  case  of  the  latexes,  carefully  measured 


A  product  of  Peninsular  Chemresearch,  Inc.,  Gainesville,  Fla. 
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^A  product  of  the  Dow  Chemical  Company,  Midland,  Mich. 
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volumes  of  stock  suspension  were  pipetted  into  sufficie^  synthetic 
water  to  yield  dilute  suspensions  of  the  desired  characteristics.  Solid 
materials  were  weighed  out  and  added  to  the  synthetic  water  with  rapid 
mixing.  In  all  cases,  mixing  was  continued  for  at  least  one  hour  to 
insure  unifonnity.  Six  one-liter  samples  were  then  measured  out  into  the 
glass  jars  of  the  multiple  stirrer,  and  a  seventh  jar  of  suspension 

retained  as  a  blank.  The  pH  of  each  suspension  was  determined  with  a 

♦ 
pH  meter  after  it  had  been  added  to  the  jars. 

Jar  Test  Procedure  -'- 

A  multiple  laboratory  stirrer*  permitting  the  simultaneous  mixing 
of  six  one-liter  square  jars  was  used  throughout  the  investigation.  The 
tachometer  indicating  mixing  rate  was  calibrated  against  a  stop  watch. 
The  jars  were  supported  on  a  translucent  base  permitting  light  to  pass 
upward  through  the  suspensions,  and  making  it  possible  to  readily  note 
the  time  of  initial  formation  of  visible  floe  particles.  Coagulant 
dosages  to  be  used  in  each  jar  were  prepared  in  advance  in  very  small 
glass  beakers,  and  it  was  possible  to  dose  all  six  jars  within  a  very 
few  seconds. 

Time  and  rate  of  mixing  used  depended  upon  the  type  of  material 
being  studied.  In  case  of  the  organic  polymers,  sauries  were  mixed  at 
100  rpm  for  20  minutes,  followed  by  a  20-minute  flocculation  period  at 
15  xrn*  ^en  aluminum  sulfate  was  used,  the  rapid  mixing  period  was 


Beckman  Kodel  0,  made  by  Beckman  Instruments,  Rillerton,  Calif. 
^Phipps  and  Bird,  Richmond,  Va. 
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three  minutes  at  100  rpm  and  flocculation  30  minutes  at  10  rpm.  Settling 
periods  were  also  varied  depending  upon  the  particular  suspension  being 
studied  and  the  coagulant  and/or  flocculant  being  used.  The  very  large 
but  light  floe  masses  resulting  from  the  flocculation  of  the  latex  sus- 
pensions required  a  settling  time  of  eight  hours,  whereas  a  one-hour 
settling  period  was  used  for  the  Cab-0-Sil  suspensions  and  30  minutes 
for  the  other  silica  suspensions  and  all  of  the  clays. 

At  the  end  of  the  settling  period,  25O  ml  samples  were  withdrawn 
from  the  supernatant  in  the  jars  by  means  of  a  suction  apparatus  connected 
to  a  vacuum  source  and  ending  in  a  U-bent  tube  so  as  to  permit  sampling 
at  a  upiform  height  of  I-I/2  inches  above  the  bottom  of  the  jar  viithout 
disturbing  the  settled  floe.  Part  of  the  sample  was  used  for  measurements 
of  residual  turbidity  and  pH  and  part  for  the  electrophoretic  motility 
detenninatiohs.  Both  series  of  observations  were  made  as  soon  as  possible 
after  sampling. 

Turbidity  Measurements 

Residual  turbidities  have  been  used  throughout  the  investigation 
as  a  basis  for  comparing  the  efficiency  of  coagulation.  Light  transmit- 
tance  expressed  as  optical  density  was  selected  as  the  most  convenient 
method  for  determining  turbidities  of  suspensions  varying  over  a  very 
wide  range.  A  photoelectric  colorimeter  was  used  to  determine  the  opti- 
cal densities  of  all  the  samples  and  of  the  original  suspensions.  Results 
have  been  esqpressed  as  percent  of  initial  turbidity.  This  procedure  was 


lAimetroh  Model  450  made  by  Photovolt  Corp..  New  York,  N.  Y. 
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found  to  permit  a  better  comparison  between  results  obtained  on  suspen- 
sions that  differ  so  greatly  in  particle  size  and  in  concentration  of 
the  dispersed  phase.  No  standardization  against  the  Jackson  Candle 
Turbidimeter  was  attempted  due  to  the  vailety  of  materials  investigated. 
A  650  m|Ji  filter  was  used  for  most  of  the  suspensions  with  a  light  path 
of  75  mm.  It  was  found  possible  to  increase  the  sensitivity  of  the 
determinations  in  case  of  the  smaller  particle  size  latex  and  silica 
suspensions  by  using  a  i^ZO  m  filter  and  a  light  path  of  I50  mm.  In  case 
of  the  suspensions  having  high  optical  densities,  the  65O  m  filter  and 
a  light  path  of  37.5  "on  were  used.  When  other  than  650  mix  filter  and  75 
mm  light  path  were  used,  the  data  are  shown  in  a  footnote  in  the  tables. 

Electrophoretic  Mobilities 

Electrophoretic  mobilities  were  determined  by  means  of  a  Zeta- 
Meter.   The  ocular  micrometer  grid  in  the  microscope  eyepiece  was  cali- 
brated against  a  micrometer  subdivided  to  0.01  mm  and  found  to  be  in 
agreement  \rt.th  the  values  given  in  the  Zeta-Meter  Manual^^  for  the  three 
objective  magnificaUons  available,  when  measured  along  the  counting 
lines  between  vertical  grid  divisions.  The  distances  between  the  count- 
ing lines  and  the  "zero  line"  were  also  calibrated  with  the  micrometer 
and  found  to  be  correct  for  a  4'  mm  diameter  cell,  since  they  correspond 
to  0.1^7  of  this  diameter  times  each  total  magnification  of  the  micro- 
scope. This  factor  agrees  with  the  position  of  the  stationary  layer  in 
a  cylindrical  cell  as  given  by  Kruyt.^   A  mathematical  derivation  of 


* 
An  instrument  made  by  Zeta-Meter  Inc.,  New  York,  N.  Y. 
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the  location  of  the  stationary  layer  is  given  in  the  appendix. 

For  each  sainplei  between  five  and  twenty  particles  were  timed  in 
each  direction  using  the  timer  in  the  instrument.  Readings  were 
recorded  on  a  form  prepared  for  this  purpose  and  after  average  values 
were  found  the  mobilities  were  calculated.  Most  of  the  observations 
were  made  at  a  voltage  of  200  volts,  but  3OO  volts  was  occasionally  used 
with  particles  of  low  mobility,  and  50  volts  in  a  few  cases  when  working 
with  metal  coagulants,  since  in  these  suspensions  the  increased  ionic 
strmgth  permits  more  current  to  flow  through  the  suspension,  and  the 
chances  of  thermal  overturn  or  gassing  of  the  electrodes  are  increased. 

pH  Adjustment 

The  pH  of  the  synthetic  water  containing  50  ppm  of  NaHCO„  was  8.1 
and  its  buffer  capacity  was  sufficient  to  maintain  it  at  or  very  close 
to  that  value  in  case  of  all  of  the  suspensions  being  destabilized  by 
polymers.  The  series  of  experiments  with  alum  at  controlled  pH  values 
required  the  previous  preparation  of  titration  curves  for  the  water  used 
and  the  individual  adjustment  of  each  jar  to  a  predetexnined  pH  value 
so  as  to  obtain  the  final  desired  pH  after  the  addition  of  each  dosage 
of  the  coagulant.  pH  adjustment  was  made  with  O.IN  HCl  or  O.IH  NaOH  as 
recpiired. 

Sample  Numbering 

Since  the  jar  test  machine  permits  the  simultaneous  mixing  of  only 
six  sanpleSf  and  to  make  it  easier  to  recover  the  data  from  the  tables 

of  results,  jars  have  been  given  a  number  representing  that  of  the  Jar 
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test,  followed  by  a  dash  and  a  number  corresponding  to  the  jar  within 
that  test.  Blank  jars  are  numbered  as  zeros.  Additional  tests  run  con- 
secutively under  the  same  conditions  of  nature  of  colloid,  suspension 
concentration  and  type  of  coagulant,  carry  the  letters  A,  B,  C,  or  D 
after  the  number  of  the  test.  To  further  identify  the  data,  a  different 
plotting  symbol  has  been  \xsed  in  the  figures  for  the  data  corresponding 
to  each  jar  test  number. 


IV.  EXPERIMENTS  WITH  UTEX  SUSPENSIONS 

General 

While  latex  suspensions  as  such  would  rarely  be  encountered  in 
water  treatment,  they  constitute  an  almost  ideal  model  for  the  studies 
to  be  carried  out.  They  are  probably  the  only  materials  presently  avail- 
able in  which  both  particle  size  and  particle  size  distribution  are 
accurately  controlled  within  a  very  narrow  range.  In  addition,  the 
particles  themselves  are  perfectly  spherical  and  ratios  of  particle 
diameter  to  surface  area  and  to  weight  per  particle  may  be  calculated. 
Furthermore,  the  range  of  sizes  available  covers  almost  completely  the 
range  of  particle  sizes  present  as  turbidity  in  water.  They  are  all 
prepared  in  similar  polymerization  systems  and  shbuld,  therefore,  dis- 
play similar  characteristics  in  their  interactions  with  destabilizing 
agents.  Finally,  they  are  available  from  the  manufacturer  in  the  form 
of  a  concentrated  suspension  of  known  solids  content,  which  can  be 
diluted  directly  to  any  desired  concentration  in  water. 

A  list  of  the  monodisperse  latex  particles  used  in  this  investi- 
gation with  their  most  salient  characteristics  is  given  in  Table  1.  All 
of  the  particles  listed  in  Table  1  are  polystyrene  latexes,  with  one 
exception  indicated  (*),  which  is  a  polyvinyltoluene  latex.  In  addition 
to  the  eight  monodisperse  sizes  listed,  a  sample  of  stjrrene  divinyl- 
benzene  copolymer  latex  with  particle,  size  ranging  from  6-I/l'M>  was  used 
for  comparative  turbidity  measurements,  but  not  for  coagulation  or  floc- 
culation  studies,  since  the  larger  particles  settled  out  upon  standing. 
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Table  1 
Characteristics  of  the  Monodisperse  Latex  Stock  Suspensions 


Average 
Particle 
Diameter, 
mn 

Standard 
Deviation, 

mi 

Number 

of 
Measure- 
ments 

Percent 
Solids 

in 
Sample 

Compositions  of  Solids.  Percent 

Stabilizing 
Polymer   Agent   Inorganics 

88 

8.0 

ll6tf 

10 

92.59 

5.56 

1.85 

126 

^.3 

328 

10 

97.09 

2.^3 

0.48 

26If 

6.0 

577 

3.5 

98,23 

1.13 

0.6if 

365 

7.9 

kjB 

k,0 

98.93 

0.W 

0.66 

557 

10.8 

373 

10 

98.78 

0.26 

0.95 

796 

8.3 

85 

10 

99.0i^ 

0.25 

0.71 

1305 

15.8 

IkQ 

10 

99.15 

0.29 

0.56 

3^90* 

17.0 

28 

10 

98.9 

~ 

— 

*After  Lippie^^ 


From  Lippie's  information,  "the  polystyrene  latex  is  made  from  the 
standard  bulk  polystyrene.  The  polyvinyltoluene  latex  particles  were 
prepared  using  the  commercial  vlnyltoluene  monomer  which  is  comprised 
of  approximately  60  percent  me  ta- vinyl  toluene  and  kO  percent  para- vinyl- 
toluene." 

Bradford  and  Vanderhoff^  have  discussed  the  measurement  of  latex 
particles  of  the  kind  used  by  electron  microscopy  as  well  as  the  statis- 
tical methods  utilized  for  the  determination  of  average  diameters.  Since 
the  weight  concentrations  appearing  on  the  samples  as  received  could  have 
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changed,  they  were  verified  by  careful  weighing  of  the  residue  after 
dxying  in  the  oven  f or  2'4'  hours  at  less  than  60  C.  Results  obtained 
were  always  within  a  fraction  of  1  percent  of  the  values  on  the  labels 
and  it  was  foimd  that  suspensions  could  be  prepared  by  pipetting 
directly  from  the  vials  into  the  suspending  medium. 

Variation  of  Turbidity  with  Particle  Size  "" 

It  is  well  known  that  the  intensities  of  light  scattered  and 
transmitted  by  si  suspension  are  a  function  of  particle  size.  It  was 
found  of  interest  for  the  present  work  to  run  a  series  of  curves  util- 
izing the  monodisperse  latex  suspensions  over  a  range  in  concentrations 
in   accordance  with  those  used  in  coagulation  and  flocculation  experi- 
ments with  other  materials  and  within  the  limitations  of  the  Instrument 
used  for  turbidity  measurements .  Since  the  particles  were  of  the  same 
shape  and  refractive  index,  the  transmission  of  light  could  be  expected 
to  depend  mainly  on  size. 

Monodisperse  suspensions  of  nine  particle  sizes,  each  at  six 
different  weight  concentrations  were  prepared  and  the  corresponding 
optical  densities  read  on  the  colorimeter.  Optical  densities  were  read 
for  three  different  sets  of  conditions:  (1)  650  m  filter,  light  path 
75  mm;  (2)  65O  m  filter,  light  path  37.5  ««,  and  (3)  if20  m  filter, 
light  path  75  nim. 

The  results  obtained  are  given  in  Tables  l^f   5,  and  6  respectively, 
and  Figure  2  shows  the  curves  obtained  for  the  first  set  of  conditions. 
The  curves  show  that  a  particle  diameter  of  about  0.8|a  gives  minimum 
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Fig.  2  -  Effect  of  Particle  Diameter  upon  the  Optical  Density  of  Mono- 
disperse  Latex  Suspensions  at  Various  Weight  Concentrations. 
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light  transmission  for  each  weight  concentration.  It  is  interesting  to 
note  that  the  optical  density  changes  many  fold  when  particle  diameter 
is  varied  over  an  order  of  magnitude.  The  vae  of  the  l(-20  mi  filter,  at 
the  other  end  of  the  visible  spectrum,  produces  a  similar  set  of  curves 
but  maximum  optical  densities  are  observed  in  this  case  when  the  par- 
ticle diameter  is  approximately  0*6  ^.  Some  sensitivity  is  gained  with 
this  filter  when  reading  turbidities  produced  by  the  smaller  sizes. 

These  carves  make  it  easy  to  visualize  how,  depending  on  particle 
size,  a  suspension  with  a  lower  concentration  can  produce  a  higher  opti- 
cal density  reading  than  a  more  concentrated  one  of  particles  of  dif- 
ferent size. 

Destabilization  with  Cationic  Polymer 

Initial  work  was  begun  on  an  exploratory  basis  since  no  previous 
experience  was  available  with  this  type  of  suspension.  Electrophoretic 
mobility  determinations  were  helpful  in  finding  the  optimum  polymer 
dosages  for  the  destabilization  of  the  suspensions,  since  they  cover  only 
a  narrow  range. 

Once  flocc\ilation  was  obtained  for  a  given  combination  of  particle 
diameter  and  suspension  concentration,  and  as  could  be  expected  an  opti- 
mum polymer  dosage  was  found  to  exist,  the  first  part  of  the  experimental 
program  was  established  on  the  basis  of  determining  as  accurately  as 
possible  the  optimum  polymer  dosages  for  different  concentrations  of  the 
same  suspension.  Between  nine  and  eighteen  jars  were  usually  required 
to  determine  each  optimum  dosage.  It  was  soon  found  that  a  linear 
relationship  exists  between  suspension  concentrations  and  the 
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corresponding  optimum  dosages  for  a  given  particle  size.  With  the  88  m 
diameter  latex  a  range  of  sxispension  concentrations  of  from  5-500  mg/l 
was  investigated.  SiMlar  studies  were  made  with  other  particle 
diameters.  The  results  obtained  are  shown  in  Figures  21  to  k6  where 
both  residual  turbidities  and  electrophoretic  mobilities  have  been 
plotted  against  the  corresponding  polymer  dosages  for  each  combination 
of  particle  size  and  suspension  concentration  investigated. 

Vfhen  the  optimum  polymer  dosages  as  obtained  from  the  curves  in 
the  figures  listed  above  were  plotted  against  suspension  concentrations 
on  log-log  paper,  three  straight  lines  with  slope  1:1  were  obtained,  as 
can  be  seen  on  Figure  3,  indicating  the  stoichiometric  relationship 
between  concentration  and  dosage  for  each  particle  diameter. 

Vlhen  the  data  obtained  are  plotted  on  the  basis  of  optimum  poly-  ^ 
mer  dosages  against  particle  diameter  on  log- log  paper,  a  series  of 
parallel  straight  lines  is  also  obtained,  one  for  each  suspension  con- 
centration. The  slope  of  these  lines  is  the  same  as  that  of  a  line 
representing  the  variation  of  the  surface  area  of  a  system  of  monodis- 
perse  spherical  particles  when  the  diameter  of  the  spheres  is  varied. 
Figure  k  shows  the  results  obtained  and  also  the  variation  in  surface 
area  of  a  system  having  the  specific  gravity  of  the  latex  particles. 
These  results  indicate  that  the  optimum  concentration  of  cationic  poly- 
mer necessary  to  destabilize  the  system  is  proportional  to  its  surface 
area.  Calculations  appearing  on  Table  51  lead  to  a  figure  of  O.34  mg  of 
polymer  per  square  meter  of  latex  system  area  as  an  optimum  dosage. 
This  figure  probably  applies  only  to  the  particular  polymer  used.^»  ^^'^  ^^ 
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Fig.  3  -  Dosages  of  Cationic  Polymer  Required  for  Maximum  Destabilization 
of  Three  Honodisperse  Polystyrene  Latex  Suspensions  at  Various 
Concentrations. 


3 


-26- 


200 


100     200        500    1000    2000 

Particle  Diameter  -  Millimicrons 

Fig.  if  -  Effect  of  Particle  Diameter  upon  the  Optimum  Cationic  Polymer 
Dosage  Required  for  Maximum  Destabilisation  of  Monodisperse 
Latex  Suspensions  of  Given  Weight  Concentrations  -  Variation 
of  System  Area  with  Particle  Size. 
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Polydlsperae  Suspensions 

The  proportionality  found  between  surface  area  and  optimum  poly- 
mer dosage  in  the  monodisperse  suspensions  suggested  the  idea  of  experi- 
menting with  a  few  polydisperse  latex  systems .  A  suspension  was  pre- 
pared containing  two  particle  sizes,  88  nP'  diameter  and  Z6k  vAi  diameter, 
the  first  one  at  a  concentration  of  10  mg/l,  the  second  one  at  23  mg/l. 
At  these  concentrations  the  total  surface  area  of- each  of  the  suspensions 
would  be  roughly  of  the  same  magnitude.  In  Figure  5  it  can  be  seen  that 
the  results  obtained  show  that  the  optimum  dosage  of  polymer  necessary 
to  destabilize  the  polydisperse  system  is  approximately  the  sum  of  the 
dosages  required  to  destabilize  each  one  of  the  monodisperse  components. 
Figure  6  shows  similar  results  obtained  with  different  concentrations  of 
the  same  suspensions.  Figure  7  shows  the  results  obtained  when  three 
sizes  of  particles  were  mixed,  the  extreme  diameters  being  in  a  15:1 
ratio.  In  this'^ase  the  dosage  for  the  polydisperse  system  falls  a 
little  short  of  the  sum  of  the  dosages  required  by  the  three  components, 
-  and  it  is  possible  that  some  other  interactions  might  affect  the  mecha- 
nisms  of  the  destabilization  process.  Kruyt  "^points  out  that  it  is 
easier  to  destabilize  a  polydisperse  system  than  a  monodisperse  one,  as 
discussed  in  Chapter  II. 

KLectrophoretic  mobility  determinations  run  on  the  same  systems 
are  shown  in  Figures  8,  9,  and  10.  In  all  three  cases  it  is  seen  that 
the  polymer  dosages  required  to  reverse  the  charge  on  the  particles  of 
the  polydisperse  system  is  almost  equal  to  the  sum  of  those  required  by 
each  of  the  monodisperse  components  considered  separately.  As  was  the 
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Fig.  5  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabili- 
zation  of  a  Polydisperse  Polystyrene  Latex  Suspension  Comprising 
Tuo  Discrete  Particle  Sizes,  as  Compared  to  the  Effect  on  Each 
of  the  Monodisperse  Components  Taken  Separately  (88  m»i>  Particle 
Diameter  at  10  mg/l.  and  26tf  nti  Particle  Diameter  at  25  mg/l.). 
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Polydlsperse  System 
88  n^  dla.,  20  mg/l. 
Z6k  m  dia.,  50  mg/l,_ 


500        650 
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Fig.  6  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabiliza- 
tiou  of  a  Polydisparse  Polystyrene  Latex  Suspension  Comprising  Two 
Discrete  Particle  Sizes,  as  Compared  to  the  Effect  on  Each  of  the 
Monodisperse  Comjponents  Taken  Separately.  (88  m^  Particle  Diameter 
at  20  mg/l.  and  26if  m  Particle  Diameter  at  50  mg/l.). 
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Fig.  7  -  Effect  of  Various  Dosages  of  Cationio  Polymer  on  the  Destabili- 
zation  of  a  Polydisperse  Polystyrene  Latex  Suspension  Comprising 
Three  Discrete  Particle  Sizes,  as  Compared  to  the  Effect  on  Each 
.  .    of  the  Honodisperse  Components  Taken  Separately. 
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Fig.  8  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Electro- 
phoretic  Mobilities  of  the  Three  Suspensions  Compared  for 
Residual  Turbidity  in  Figure  5. 
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Fig.  9  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Electro- 
phoretic  Mobilities  of  the  Three  Suspensions  Compared  for 
Residual  Turbidity  in  Figure  6. 
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10  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Electro- 
phoretic  Mobilities  of  the  Four  Suspensions  Compared  for 
Residual  Turbidity  in  Figure  7. 
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case  wtth  turbidities,  some  difference  is  noticed  in  the  last  case,  in 
xMch  particles  of  three  different  sizes  were  present* 

Observations  on  Particle  Qrowbh 

When  >»rk  was  being  done  with  the  smallest  size  latex  suspension 
(88  m^t  diameter)  it  was  early  noticed  that  upon  the  addition  of  the  poly- 
mer under  rapid  mix  conditions  a  large  increase  in  turbidity  was  evident 
prior  to  the  appearance  of  visible  floo.  It  was  also  noted  that  in  those 
jars  receiving  poljnner  dosages  as  much  as  40-50  percent  above  or  below 
the  optimum  dosage  for  the  suspension  being  studied,  the  turbidity  of 
the  settled  supernatant  was  much  greater  than  that  of  the  original  sus- 
pension before  destabilization.  An  explanation  for  this  behavior  is 
apparent  from  a  study  of  Figure  2.  Iilhen  the  destabilization  process 
begins  and  particles  coalesce,  new  particles  of  increased  size  are 
formed  and  the  optical  density  of  the  suspension  Increases  many  fold. 
After  that  portion  of  the  suspension  >dilch  has  been  sufficiently  de- 
stabilized has  settled  out,  sufficioit  doublets,  triplets,  etc.,  remain 
in  suspension  to  yield  optical  density  values  substantially  higher  than 
that  of  the  original  suspension. 

A  similar  effect  is  noticed  with  the  264  mp,  diameter  latex 
except  that  it  is  much  less  marked,  the  size  of  the  primaxy  particles 
being  closer  to  that  producing  highest  optical  densities  in  Figure  2. 
The  effect  was  not  found  with  the  larger  latex  sizes.  In  all  of  them, 
turbidity  was  reduced  as  soon  as  destabilization  took  place.  In  the  case 

of  the  126  mn  suapmsion,  values  for  settled  turbidity  were  found  to  be 
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between  those  for  the  88  in|x  and  the  Z&i^  ntfi  suspensions,  as  would  be 
predicted  from  the  explanation  suggested. 

Destablllzation  with  Calcium  Chloride 

This  series  of  experiments  was  planned  with  the  Idea  of  studying 
the  effect  of  particle  size  when  the  destablllzation  mechanism  Involves 
coagulation  rather  than  polymer  flocculatlon.  One  would  predict,  on  the 
basis  of  the  SehuLze^ardy  rale,  that  relatively  high  concentrations  of 
the  bivalent  calcium  Ion  would  be  needed  to  counteract  the  strongly 
negative  latex  particles. 

Several  tests  were  run  with  the  smallest  (88  m  diameter)  latex. 
No  significant  difference  was  found  In  coagulant  dosage  requirement  for 
suspension  concentrations  of  50  and  of  100  mg/l.  In  those  cases  where 
destablllzation  was  not  complete,  the  Increased  turbidity  effect  noticed 
In  the  case  of  the  catlonlc  polymer  was  also  found.  Tests  with  two 
other  suspensions  with  particle  sizes  ZO^  m  and  557  m^  at  a  concentra- 
tion of  100  mg/l  behaved  similarly  although  for  some  unexplained  reason 
the  26^1'  m^  size  was  destabilized  with  lower  dosages  of  coagulant  than 
the  others.  Figure  11  shows  the  results  obtained  with  all  foxir  suspen- 
sions. The  behavior  of  the  calcium  ion  In  destabilizing  the  latex  sus- 
pensions was  different  from  that  of  the  catlonlc  polymer.  In  the  case 
of  the  polymers  an  optimum  dosage  could  be  identified  and  determined. 
However,  in  the  case  of  the  calcium  ion,  there  was  found  for  each  sus- 
pension  a  threshold  dosage,  above  which  higher  dosages  of  the  ion  pro- 
duced increasingly  better  coagulation.  This  was  true  for  all  suspen- 
sions, independent  of  particle  size  and  surface  area. 
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Fig.  11  -  Effect  of  Calcium  Chloride  Upon  the  Stability  of  Monodisperse 
Latex  Suspensions  of  Various  Concentrations  and  Particle  Sizes. 
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Obsenred  times  for  the  appearance  of  the  first  visible  floe  also 
decreased  with  Increasing  coagulant  dosages*  being  shorter  in  the 
samples  lAiere  residual  tarbidities  were  lower.  These  times  are. given 
in  Tables  37  to  40  in  the  appendix.  In  general*  they  were  shorter  the 
higher  the  particle  concentration t  but  the  264  m\i.  size  showed  shorter 
times  than  would  be  expected. 

Destabilization  with  Nonionic  Polymer 

The  effect  of  particle  size  on  the  destalidlization  behavior  of 
a  nonionic  polymer  was  studied  with  the  same  four  types  of  latex  sus- 
poisions  used  in  the  esqperiments  with  calcium  chloride.  Reasonable 
dosages  of  the  nonionic  polymer  alone  had  no  effect  on  the  latex  sus- 
pensions. After  a  few  trial  experimoits  it  was  decided  to  run  the  tests 
with  nonionic  poisoner  after  the  suspensions  had  been  dosed  with  2.0  g/l 
calcium  chloride.  The  polymer  was  added  exactly  two  minutes  after  the 
calcium  chloride,  idiile  the  Jars  were  mixed  at  100  rpm.  This  time 
interval  was  found  to  be  very  critical  and  had  to  be  carefully  measured 
to  obtain  reproducible  results.  After  addition  of  the  nonionic  polymer 
the  procedure  was  the  same  as  for  the  cationic  polymer. 

As  can  be  seen  in  Figure  12|  an  optimum  polymer  dosage  is  again 
obtained,  and  doubling  the  suspension  concentration  of  the  88  m(i  size 
required  approximately  double  the  polymer  dosage  for  optlnum  destabili- 
zatLon.  Optimum  polymer  dosage  for  the  557  V^V-  suspension  was  approxi- 
mately the  vEdue  to  be  esqpected  from  extrapolation  of  the  values  for  the 
optimum  dosages  for  the  88  m(i  suspension  in  two  concentrations,  50  ppm 
and  100  ppm.  However,  the  optimum  dosage  for  the  264  mfi  polymer  was 
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Fig.  12  -  Effect  of  Dosages  of  Nonlonic  Polymer  on  the  Destablllsation  of 
Four  Monodisperse  Polystyrene  Latex  Suspensions  of  Different 
Diameters  and  Concentrations,  in  the  Presence  of  2.0  e/l 
Calcium  Chloride. 
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found  to  be  significantly  lower  than  the  value  predicted  on  the  basis 
of  total  surface  area.  This  behavior  on  part  of  the  264  m  suspension 
had  been  previously  noted.  In  Figure  11,  vtiere  results  of  the  destabili- 
zatlon  of  all  four  polymers  with  calcium  chloride  are  showi,  the  same 
behavior  is  evident.  The  results  obtained,  although  not  as  conclusive 
as  those  for  the  catlonio  polymer,  suggest  that  particle  size  and  con- 
sequently surface  area  of  the  system  also  play  an  important  role  in  the 
destabilization  l:>y  nonionic  polymers.  Times  for  the  appearance  of  first 
visilxLe  floe  are  ^ven  in  Tables  •'fl  to  ¥(■  in  the  appendix.   In  general, 
they  are  shorter  for  the  polymer  dosages  giving  better  turbidity 
removal,  and  Increase  with  overdosage. 

Destabilization  of  Latexes  with  Alum  at  pH  7.6 

A  few  experiments  were  znin  wLth  alum  at  this  pH  value  idiich 
ELack  and  Hannah   found  to  be  that  of  optimum  destabilization  for  clay 
suspensions.  The  results  obtained  here  Indicate  the  existence  of  opti- 
mum alum  dosages,  high  overdosage  producing  redlsperslon.  Optimum 
dosages  were  InfLuenoed  by  the  concentration  of  the  suspensions  and  by 
their  particle  size.  However,  good  floe  was  obtained  over  so  wide  a 
range  of  coagulant  dosages  that  accurate  evaluation  of  the  effect  of 
particle  size  on  the  process  was  not  possible. 

Effect  of  Partlde  Size  and  Mixing  Times  and  Rates 

While  working  with  the  cationlc  polymer  and  a  small-fize  latex  it 

was  noticed  that  similar  stages  of  the  destabilization  process  could  be 
reached  in  shorter  times  itAien  misdng  at  higher  rates  than  at  slow  ones. 


-38- 


This  is  in  agreement  vith  resrilts  obtained  by  La  Mer   and  by  Tenney.  ^ 
Birkner,^  working  with  day  suspensions,  foxmd  a  strong  sijnilarity  be- 
tween two  curves  representing  residual  turbidities  versus  total  .number 
of  paddle  revolutions  on  suspensions  mixed  at  20  and  at  100  rpm.  hov- 
ever,  residual  turbidities  were  always  lower  at  the  lower  rate* 

For  the  present  study  it  was  decided  to  investigate  the  effect 
of  particle  size  under  varied  conditions  of  mixing  varying  both  rates 
and  times.  The  mixing  velocities  which  Birkner  used,  nozmally  20  rpm 
and  100  rpm,  were  selected*  Three  nonodisperse  latex  suspensicais  of  the 
same  concentration,  100  mg/l,  and  having  particle  diameters  of  88,  Z6k 
and  1305  m^i  respectively,  were  mixed  at  each  rate  for  predetermined 
lengths  of  time,  settled  and  tested  for  turbidity  and  electrophoretic 
mobility*  The  results  obtained  can  be  seen  in  Figures  I3  and  14*  In 
both  cases,  the  process  is  faster  for  the  smaller  particle  sizes, 
showing  the  effect  of  the  niimber  of  interpartide  collisions  on  the 
kinetics  of  the  process*  At  both  mixing  rates  there  is  a  marked  simi- 
larity between  the  shape  of  the  carves,  indicating  that  the  kinetics 
of  the  process  are  related  to  the  total  number  of  revolutions  rather 
than  to  the  rate  of  mixing*  Better  destabilizatlon  is  obtained  at  the 
lower  mixing  rate  with  all  three  sizes  but  especially  with  the  largest 
two*  Higher  shear  forces  in  the  fluid  seem  to  have  a  more  marked  effect 
on  the  floe  fomed  betweeii>,  larger  particles* 

ELectrophoretlc  data  show  similar  values  for  each  of  the  suspen- 
sions independent  of  the  tine  or  rate  of  mixing*  The  values  obtained 
were  conqparable  to  those  found  at  polymer  dosages  for  optlmoin  turbidity 
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removal  for  the  first  series  of  experiments*  It  Is  concluded  that  poly- 
mer adsorption  is  very  rapid  and  thus  immediately  establishes  the 
mobility  of  the  particles  remaining  in  suspension,  \M.le  interparticle 
bridging,  being  slower,  is  the  rate  controlling  process. 

Observations  on  Times  for  First  Visible  Floe 

As  indicated  in  Chapter  III,  times  for  the  appearance  of  the 
first  visible  floe  were  recorded  for  most  jars  almost  from  the  beginning 
of  the  investigation.  These  times  were  determined  liy  careful  visual 
observation  of  the  jars  during  the  rapid  mixing  period. 

The  number  of  interparticle  collisions  determines  the  rate  of 
formation  of  floe.  As  discussed  in  Chapter  II,  the  number  of  collisions 
is  proportional  to  the  particle  concentration  and  is  affected  by  par^ 
tide  size.  It  also  depends  on  the  rate  of  mixing,  since  for  higher 
rates  the  effect  of  Browhian  notion  is  secondary. 

Figure  15  shows  the  inverse  relationship  observed  between  suspen- 
sion concentrations  and  times  for  first  visible  floe  for  three  monodis- 
perse  latex  suspensions.  It  can  be  seen  from  this  figure  nHay  it  was 
necessary  to  increase  the  mixing  times  jAien.   the  destabilization  of  sus- 
pensions of  large  size  at  low  concentrations  was  attenqpted. 

Figure  16  shows  a  plot  of  the  times  observed  for  first  visible 
floe  against  the  surface  areas  of  the  systems  Involved.  Points  taken 
from  seven  sizes  of  monodisperse  suspensions  at  diff ex'ent  concentrations 
and  from  three  polydlsperse  ones  give  an  almost  linear  plot  over  several 
cycles  on  log-log  paper.  A  possible  e:qplanation  for  this  oould  be  that 

Under  the  turbulent  but  anlsotroplo  mixing  conditions  predominating  in 
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Fig.  15  -  Effect  of  Particle  Concentration  (Expressed  as  Weight  Concentra- 
tion) on  the  Approximate  Tines  of  Mixing  Required  for  the  Appear- 
ance of  the  First  Visible  Floe  for  Three  Monodlsperse  Latex  Sun- 
pensions,  at  Optlnum  Dosages  of  Catlonlo  Polyner  (Mixing  Rate 
100  rpro). 
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Fig.  16  -  Plot  of  Surface  Areas  of  Several  Latex  Suspensions  Versus  Approxi- 
mate Times  of  Mixing  Required  for  the  Appearance  of  the  First 
Visible  Floe  (Mixing  Rate  100  rpn). 
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the  jars  it  Is  the  area  of  the  particles  projected  on  a  plane  perpendicu- 
lar to  their  direction  of  travel  that  determines  the  niunber  of  collisions* 
This  projected  area  is  proportional  to  the  area  of  the  system,  since  both 
depend  on  the  square  of  the  diameter  of  the  particles* 

Another  interesting  observation  can  be  made  from  Figures  I3  and  14 
^ere  residual  turbidities  are  plotted  against  paddle  revolutions  for 
three  different  sizes.  If,  following  Packham's   techniques,  the  number 
of  revolutions  for  50  percent  turbidity  removal  are  read  from  the 
figures  and  compared  they  are  not  far  from  being  in  an  inverse  relation- 
ship to  the  surface  areas  of  each  of  the  three  suspensions  involved*  It 
is  concluded  that  not  only  initial  floe  formation,  but  also  subsequent 
kinetic  steps  in  the  flocculation  process  are  determined  by  the  same 
characteristics  of  number  of  particles,  particle  size  and  probably  sur- 
face area  of  the  original  suspension* 


V.  EXPERIMENTS  WITH  SILICA  SUSPENSIONS 

General 

It  seems  logical  to  assume  that  shape  and  chemical  charactez*- 
Istlcs  of  the  particle  surface  can  modify  to  some  extent  the  particle 
size  effects  observed  vith  latex  suspensions.  This  consideration  makes 
it  advisable  to  investigate  the  behavior  of  several  t^es  of  suspen- 
sions. 

Kane  ejb  al.^*   '  '  have  recently  studied  the  flocoulation  of 
silica  suspensions.  The  concentrations  used  were  much  higher  than  those 
normally  encountered  in  vater  treatment.  They  state  that  considerably 
more  polymer  was  necessary  to  reach  the  optimum  dosage  in  an  amorphous 
silica  system  than  in  a  crystalline  one  despite  the  larger  partide  size 
of  the  former. 

In  the  present  study  silica  saniples  in  both  the  amorphous  and 
crystalline  forms  were  investigated. 

Experimental  Materials   ~ 

Four  types  of  silica  particles  irere  used,  and  a  brief  description 
of  each  one  follows. 

Min-u-Sil  is  a  crystalline  silica  containing  99*90  percent 
silicon  dioxide.  Four  sizes  are  available,  but  only  the  smallest,  identi- 
fied as  "5^"f  vas  used  in  this  Investigation,  since  it  was  noticed  that 
some  fractions  of  the  larger  sizes  settle  too  rapidly  after  agitaticm. 


A  product  of  Pennsylvania  Glass  and  Sand  Corp. ,  Pittsburgh,  Pa. 
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UCAR-Submicron  is  an  amorphous  silica  powder  containing  95  Pei>" 
cent  silicon  dioxide  and  showing  on  a  photomicrograph  spherical  par- 
ticles ranging  from  20  to  250  mn  in  diameter. 

Cab-0-Sll*  is  an  extremely  fine  silica  wLth  spherical  particles 
and  a  99.0  percent  silica  content,  available  in  three  grades.  The  M-5 
grade  used  in  this  study  is  a  fluffy  white  powder  of  very  low  bulk 
density. 

Ludox*^  is  a  colloidal  type  of  silica  available  in  five  grades 
characterized  by  extremely  small  spherical  particles  surface-hydroxylated 
and  alkali  stabilized  to  introduce  negative  charges  onto  the  silica 
surface. 

Some  physical  characteristics  of  these  silicas*  as  given  in  the 
producers'  literature,  are  listed  in  Table  2  irtiich  follows. 


A  product  of  Union  Carbide  Corp.,  Niagara  Falls,  N.  Y. 

^ll  product  of  Cabot  Corp.,  Boston,  Mass. 

'^A  product  of  E.  I.  du  Pont  de  Nemours  &  Co.,  Inc.,  Wilmington, 
Del. 
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Table  2 
Physical  Characteristics  of  the  Four  Silicas  Investigated 


Silica 


Average 
Particle 
Size      m'^/g 


Surface 
Agea 


Specific 
Gravity 


Min-u-Sil  "5n" 

1.1*1 

2.06 

UCAR^Subnieron 

120  Mi 

25.9 

Cab-0-Sil  M-5 

15  mn 

200 

Ludox  HS 

12  nti 

230 

2.65 


2.2 


1.21 


in  30.1  percent  SiO^  crater  suspension 


Destabilization  with  Cationic  Polwner 

A  series  of  tests  ware  run  Kith  the  first  three  types  of  silicas 
listed,  at  suspension  concentrations  of  100,  200  and  3OO  mg/l«  Residual 
turbidities  and  electrophoretic  mobilities  for  various  polymer  dosages 
are  shown  in  Figures  4?  to  55,  indicating  the  existence  of  an  optimum 
polymer  dosage  in  each  case.  These  optimum  dosages  vary  stoichiometrio- 
ally  with  the  concentration  of  the  suspensions,  as  can  be  seen  In 
Figure  17.  From  this  figure  it  is  apparent  that  the  suspensions  with 
smaller  particle  size  and  higher  surface  area  require  higher  dosages  of 
polymer  for  optimum  destabilization.  The  amounts  of  polymer  required 
by  the  Cab-0-Sil  and  the  MLn-u-3il  suspoision  are  proportional  to  their 
.relative  surface  areas  but  the  optimum  dosage  for  the  UCAR  suspension  is 
50  percent  lower  than  it  should  be  on  the  same  basis.  Some  different 


.  i»e  . 


3.0 


2.5 


u 

o 

^    2.0 

6 


a 

u 

I 


i 


1.5 


1.0 


0.5 


Cab-O^il    M-5 


0  ,  ___100  200 

Suspension  Goncentrationi  mg/l. 

Fig*  17  -  Dosages  of  Cationio  Polymer  Required  for  Maximum  Destabilization 
of  Various  Silica  Suspensions. 


-un- 


characteristic of  the  surface  or  a  difference  between  the  figure  given 
by  the  manufacturer  for  the  surface  area  and  the  external  area  really 
availal3le  to  the  polymer,  could  account  for  this  difference*  Rough  cal- 
culations indicate  that  at  optimum  dosage  appzt>3dmately  2?  mg  of  polymer 
per  square  meter  of  surface  area  are  required  by  the  Cab-0-Sil  and 
Mn-u-Sil  suspensions.  Using  this  figure  to  determine  polymer  dosage, 
a  100  mg/l  Ludox  silica  suspension  vsls  flocculated  successfully.  Ho»> 
ever,  the  UCAI^Subnicron  suspension  required  only  13  mg  of  polymer  per 
m  of  surface  area. 

Destabilization  ^Aih  Alum  at  pH  ^.0 

This  e3q)erimental  series  was  designed  to  investigate  the  particle 
size  effect  in  a  region  of  the  [ai^CSO^)  J  -  pH  domain  >diere,  according 
to  Matijevic  and  Stryker,   a  counter  ion  of  charge  +J  predominates  and 
a  much  higher  critical  coagulation  concentration  should  exist. 

Prior  to  jar  testing,  titration  curves  were  run  in  the  susponding 
medium  so  as  to  determine  initial  pH  values  such  that  upon  the  addition 
of  the  coagulant  dosage  the  suspensions  would  each  have  the  desired 
final  pH  values.  Once  the  initial  pH  values  were  found  experimentally 
as  described,  each  Jar  was  adjusted  individually  and  upon  addition  of 
the  coagulant,  the  esqperiments  were  carried  out  in  the  usual  manner. 
Suspensions  of  Mn-u-Sil  **5\i}*   and  of  UCAR-Subsoicron  at  200  mg/l  and  at 
400  mg/l  concentration  were  destabilized.  The  results  obtained  can  be 
seen  in  Figures  56  to  59.  Alum  dosages  required  appeared  to  be  com- 
pletely independent  of  the  concentration  of  the  suspaisions.  An  opti- 
mum dosage  does  not  exist,  but  rather  a  critical  coagulation 
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ooncentration  or  threshold  coagulation  dosage,  and  turbidity  removal 
increases  once  this  value  is  exceeded.  Electrophoretic  mobilities  reach 
a  zero  value  at  approximately  this  al\im  dosage  and  become  slightly 
positive  at  higher  dosages.  A  difference  was  noted  in  the  behavior  of 
the  twj  silicas.  The  UCARp-Sutmieron  required  less  coagulant  than  the 
MLn-u-Sil  "5a"»  Since  the  former  has  a  much  higher  surface  area,  this 
difference  is  not  believed  to  be  due  to  particle  size  but  rather  to  some 
characteristic  of  the  surface.  It  had  been  noticed  before,  vtien  wrking 
with  the  cationic  polymer,  that  the  UCAFUSutmicron,  as  ooii5)ared  to  other 
silicas,  required  a  much  lower  polymer  dosage  for  optimum  renoval  than 
corresponded  to  its  surface  area. 

Better  turbidity  removal,  based  on  percent  comparisons,  is  ob- 
tained for  the  more  concentrated  suspensions.  This  is  In  agreement  with 
the  results  obtained  by  others-'  and  in  other  parts  of  this  study. 

One  interesting  point  to  notice  is  that  high  dosages  of  alum  are 
required  at  this  pH  value.  These  results  are  in  aoooxxianee  with  the 
assuo^tion  made  that  a  counter  ion  of  charge  -t- 3  was  predominating  in  the 
solution  at  the  pH  value  investigated. 

Destabilization  with  Alum  in  pH  Ranee  k.6^'i,U 

This  experimental  seriiss  was  initially  desigied  to  Investigate 
the  particle  size  effects  at  a  final  pH  value  of  5.2,  but  control  of 
this  variable  at  this  range  of  pH  values  proved  to  be  much  more  diffi- 
cult than  at  pH  4.0.  A  complete  change  in  the  alum  species  predominating 
seems  to  occur  between  the  pH  values  selected  for  these  two  eaqperinental 
series,  as  oould  be  expected  from  the  work  of  Matijevic.    Black  and 
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Chen   and  Black  and  Hannah   also  find  a  transition  region  at  around 
pH  k»k.    Stumm  and  Morgan  describe  the  hydrolytic  reactions  of  the 
aluminum  ion  and  cite  the  work  of  Matijevic'et  ^.  where  the  formation 
of  a  soluble  polynudear  tetravalent  aluminum  complex  of  the  formula 
A1q(PH)2q   is  postulated.  This  work  has  been  recently  followed  by 

other  studies  in  which  even  more  highly  polymerized  hydrolyzed  ions  are 

^48  50 

proposed.  Matijevic  and  Stryker   cite  the  work  by  Biederman*^  where 

the  existence  of  the  species  Al  (0H)-„   and  AL,  (OH)^-^  is  suggested 

to  account  for  potentioraetric  titration  results. 


Experimental 

The  same  types  of  silica  suspensions  and  concentrations  as  in  the 
preceding  experimental  series  were  used.  pH  values  were  also  adjusted 
in  a  similar  manner^  before  addition  of  the  coagulant.  It  was  immediately 
noted  that  alum  dosages  roughly  one  order  of  magnitude  lower  were  suf- 
ficient to  bring  about  good  turbidity  removal  at  this  pH  range.  Once 
more  the  existence  of  optimum  dosages  of  coagulant  was  found,  and  dosages 
higher  than  the  optimum  produced  increasing  residual  turbidities.  Par- 
ticle size  and  concentration  show  the  expected  effect,  higher  system 
areas  requiring  higher  coagulant  dosages  for  optimum  turbidity  removal. 
All  of  these  observations  agree  with  predictions  based  upon  the  existence 
of  highly  polymerized  hydrolyzed  species  and  the  flocculation  mechanisms 
of  the  polymers.  The  effect  of  particle  size  in  this  case  is  not  so 
marked  as  with  high  polymers .  It  seems  to  fall  between  the  case  of  the 
pure  metal  coagulant  and  that  of  the  long  chain  polymers.  The  results 
obtained  are  shown  in  Figures  60  to  63. 


VI.     EXPERIMENTS  WITH  KAOUNITE  GUYS 

General 

Clays  are  the  most  common  cause  of  turbidity  in  water.  They 
constitute,  therefore,  a  "practical"  model  in  contrast  to  the  latexes. 
However,  from  the  standpoint  of  the  present  study  they  have  the  dis- 
advantage that  their  laminar  structure  does  not  permit  a  separation  into 
closely  monodisperse  fractions  that  would  make  it  possible  to  detect 
more  precisely  the  effect  of  differences  in  particle  size. 

Clay  minerals  have  a  two-layer  structure,  as  do  the  kaolinites, 
or  a  three-layer  structure  that  can  be  either  expanding  as  with  mont- 
morillonite,  or  nonexpanding  as  in  illites.  Kaolinites  are  in  general 
nonexpandable  and  according  to  van  Olphen   the  external  surface  area  is 
the  only  area  which  is  accessible  to  any  molecule  or  ion  added  to  the 
system.  This  fact  makes  them  more  desirable  for  the  present  study. 

Previous  Studies 

Langelier  and  others  investigated  the  effect  of  particle  size  on 
alum  coagulation  of  a  silty  clay  loam.  Starting  from  a  concentrated 
stock  suspension,  turbidity  and  coagulant  demands  were  determined  on 
samples  taken  from  the  unsettled  stock  and  from  its  supen\atant  after 
allowing  it  to  settle  for  various  lengths  of  time  up  to  25  hours.  All 
samples  were  then  diluted  to  the  same  optical  turbidity  and  tested  for 
coagulant  demand.  They  concluded  that  the  large  particles  exerted 
little  or  no  effect  on  coagulant  demand,  some  of  them  settling 
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independently  of  the  floes;  that  settling  of  the  intermediate  size  par- 
ticles (1.5  V-  to  5,0  ji)  reduced  the  turbidity  much  more  than  it  lowered 
the  coagxilant  demand,  and  that  when  size  distributions  were  not  altered 
by  settling,  the  decrease  in  coagulant  demand  was  directly  proportional 
to  that  in  turbidity.  They  also  found  that  the  coagulant  demand  in- 
creased with  increasing  percentage  of  smaller  particles  in  the  suspen- 
sion. In  these  experiments  particle  size  was  determined  on  the  basis  of 
Stoke' s  law  computations.  A  fractionation  of  the  suspension  on  this 
same  basis  led  these  investigators  to  conclude  that  to  obtain  good  floe, 
it  was  necessary  to  employ  suspensions  containing  particles  from  the 
fine  fraction. 

It  should  be  noted  that  this  work  was  done  under  uncontrolled  pH 
conditions,  but  probably  in  a  region  where  highly  polymerized  hydrolysis 
products  of  the  alxiroinum  ion  were  present. 

Experimental  Materials 

For  the  present  investigation  two  kaolinite  clay  samples  desig- 
nated as  30Jl|'  and  30-5  were  used.  These  kaolinite  samples  have  particle 
size  distributions  as  shown  on  Figure  18.  Sample  JO-i*  is  somewhat 
coarser  than  sample  30-5,  and  by  subdividing  the  areas  under  the  size 
distribution  curves  into  ten  equal-weight  fractions,  average  equivalent 
spherical  diameters  of  0.69  V-  and  0.26  |a  are  obtained  respectively  for 
each  of  them.  The  ratio  of  these  two  figures  is  roughly  2,6:1.  The 
exchange  capacity  of  these  kaolinites  is  in  the  range  of  2.5  to  k.Q 


Obtained  from  Particle  Information  Service,  Los  Altos,  Calif. 
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Fig.  18  -  Particle  Size  Distribution  of  the  Two  Kaolinite  Clay  Samples 
Investigated. 
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52 
mlllleqiilvalents  per  100  grams. 

Destablllzation  with  Cationic  Polymer 

Five  different  concentrations  of  each  of  the  two  clay  samples  were 
<  studied.  In  each  case  the  procedure  was  to  weigh  the  amount  of  sample 

required  for  seven  liters  of  suspension,  mix  for  two  hours  with  a  mag- 
netic stirrer  in  a  plastic  container,  and  proceed  as  described  in  other 
jar  test  experiments. 

The  results  obtained  appear  in  Figures  Stfto  73,  They  resemble 
those  found  with  the  latexes  and  silicas,  although  in  a  general  way  the 
experimental  points  do  not  result  in  as  well-defined  curves  as  with  these 
materials.  As  can  be  seen  in  Figure  19,  the  amounts  of  polymer  required 
for  optimum  destabilization  of  the  two  samples  vary  in  direct  proportion 
to  the  concentration  of  the  respective  suspensions.  The  finer  sample 
30-5  required,  on  the  average- polymer  dosages  2.2  times  higher  than  those 
required  by  sample  30-if  at  the  same  weight  concentrations.  This  ratio 
is  not  too  far  from  the  one  between  average  equivalent  spherical 
diameters  of  the  two  samples. 

It  is  of  interest  to  note  that  the  range  of  polymer  dosages  over 
which  good  removal  is  obtained  is  in  general  much  wider  than  in  the  case 
of  latex  suspensions.  This  might  be  due,  in  part,  to  the  polydispersity 
4.         of  the  clay  particles,  and  also  to  their  characteristic  shape  and  surface 
structure. 

It  was  also  found  that  optimum  turbidity  removal  occurred  in  a 
region  of  reduced  but  still  negative  electrophoretic  mobilities.  It  was 
alwsQTS  necessary  to  overdose  a  suspension  in  order  to  reverse  the 
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electrophoretlc  mobility  of  the  particles  from  negative  to  positive. 

Times  for  First  Visible  Floe 

As  was  done  before  with  the  latex  siispensions,  the  .times  for  the 
appearance  of  the  first  visible  floe  were  observed.  For  both  kaolinite 
samples,  these  times  were  found  to  diminish  with  increasing  suspension 
concentrations,  in  agreement  with  the  results  obtained  with  the  latexes. 
However,  the  differences  between  the  two  samples  were  not  significant. 


•  VII.  EXPERIMENTS  WITH  OTHER  MATERIALS 

General 

In  addition  to  the  investigations .  with  latex,  silica  and  clay- 
suspensions,  some  work  was  attempted  with  three  carbon  black  samples, 
one  ion  exchange  resin  and  a  colored  water  devoid  of  turbidity.  This 
was  done  in  order  to  determine,  if  possible,  the  effect  of  particle  size 
and  surface  characteristics  of  particles  different  from  those  previously 
studied. 

Unfortunately,  these  studies  were  found  to  present  difficulties 
that  would  have  required  the  scope  of  this  investigation  to  be  greatly 
expanded  in  order  to  achieve  completely  quantitative  results.  Accord- 
ingly, the  observations  to  be  described  are  somewhat  preliminary  and 
semiquantitative  in  nature.  They  are  nonetheless  considered  of  some 
interest . 

Carbon  Black  Suspensions 

* 
Three  carbon  black  samples  designated  as  2-3  Sterling  R,  2-6 

Carbolac  1,  and  2-9  Sterling  FT  were  used.  Particle  size  distributions 
for  these  samples  appear  in  Figure  20  which  follows. 


■II 
Obtained  from  Particle  Infomation  Service,  Los  Altos,  Calif. 
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Fig.  20  -  Particle  Size  Distributions  of  the  Three  Carbon  Samples 
Investigated. 


These  size  distributions  show  rather  wide  ranges  of  sizes  but  at 
the  same  time  a  significant  difference  in  average  size  especially  be- 
tween samples  2-6  and  2-9. 

These  carbon  black  samples  are  available  in  the  form  of  a  dry 
powder.  Table  3  shows  also  the  principal  characteristics  of  the  size 
distributions  of  these  samples,  as  furnished  \fy  the  distributors. 
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Table  3 
Characteristics  of  Carbon  Black  Samples 


Sample  No. 


2-3 


2-6 


Designation      Sterling  R 

Average  particle 

diameter,  n     0.0797 


Surface  area 

2/ 
m  /g 


Carbolac  1 
0.0106 


2-9 


Sterling  FT 
0.1796 


Distribution 

within  limits     98^  between     97^  between       99^  between 

O.Oltx  and  0.2^   0.005t;i  and  0.017(1   0.091^  and  0.30ti 


22 


1000 


15.7 


Experimental 

Several  methods  were  tried  to  suspend  the  particles  without  loss 
of  some  fraction,  since  they  are  very  difficult  to  wet.  Pouring  the 
weighed  sample  into  the  vortex  of  the  Waring  blender  was  found  to  be  the 
most  convenient  method,  but  still  some  loss  was  experienced  by  adsorption 
on  the  glassware  and  at  the  liquid-air  interface.  Coating  of  the  glass- 
ware with  a  silicone  did  not  help. 

The  use  of  a  surfactant  was  not  attempted  since  it  would  have 
involved  going  into  a  previous  study  to  determine  the  effects  of  changing 
the  characteristics  of  the  carbon  surface. 

Difficulties  were  also  experienced  with  turbidity  measurements, 
since  vexy  low  concentrations  of  carbon  produce  high  optical  densities, 
and  no  satisfactory  results  were  obtained  hy  nephelometzy,  by  gravimetric 
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methods  or  even  by  refiltration  rates. 

Several  jar  tests  were  run  using  a  cationic  polymer  on  each  of 
the  three  samples  at  a  few  different  concentrations.  Results  obtained 
were  not  too  consistent,  due  probably  to  the  difficulties  described 
^  above.  Some  general  observations  may  be  made. 

Tests  run  on  sample  2-3  that  had  a  fairly  wide  range  of  particle 
size,  alw^s  produced  good  floe  with  fairly  good  turbidity  removal  at 
polymer  dosages  of  only  20  to  50  fig/l.  Two  carbon  concentrations,  40 
and  60  mg/l,were  investigated. 

Tests  run  on  sample  2-6,  finest  of  all,  also  produced  good  floe 
in  all  jars,  with  good  turbidity  removal  and  at  an  optimum  polymer 
dosage  of  70  M-g/l*  The  suspension  concentration  employed  was  kO  mg/l. 
.'  Electrophoretic  mobilities  were  quite  negative  for  this  polymer  dosage. 

Dosages  eight  or  ten  times  larger  were  required  for  charge  reversal. 
At  these  positive  mobilities  good  floes  were  obtained  but  turbidity 
removal  was  poor.  It  was  possible  to  secure  reproducible  results  with 
this  sample  and  optimum  polymer  dosage  could  be  accurately  determined. 

Tests  run  on  sample  2-9,  of  larger  particle  size,  produced  no 
floe  with  polymer  doses  which  successively  lowered  and  finally  reversed 
electrophoretic  mobilities.  Some  turbidity  removal  was  found,  neverthe- 
<         less,  and  optimum  dosages  were  found  for  each  of  three  suspension  con- 
eentratlons.  Three  concentrations  were  used;  10,  kO  and  60  mg/l. 
Respective  optimum  dosages  were  approximately  20,  kO  and  50  V-g/l, 
Results  were  not  too  consistent. 

Good  floe  and  good  turbidity  removal  were  obtained,  however. 
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when  one-third  by  weight  of  the  fine  sample  2-6  was  mixed  with  two-thirds 
of  the  coarse  2-9  that  did  not  flocculate  when  alone. 

One  experiment  was  run  with  al\ua  on  sample  2-9  at  nearly  neutral 
pH,  and  good  floe  was  formed  at  dosages  as  low  as  5  mg/l.  Electro- 
phoretic  mobilities  were  reversed  at  10  rag/l  and  at  all  higher  dosages. 

It  is  of  interest  to  point  out  that  in  the  carbon  black  systems 
the  ratio  of  polymer  dosage  required  for  destabilization  to  surface 
areas  of  the  systems  is  very  low.  This  is  probably  because  only  a  small 
fraction  of  this  area  is  really  available  to  the  polymer  to  adsorb. 

Ion  Exchange  Resin 

A  sample  of  a  fine  particle  size  ion  exchange  resin  in  the  form 
of  an  essentially  water-free  powder  was  obtained.  According  to  the  pro- 
ducer this  is  a  sulfonated  polystyrene  cation  exchange  resin  in  the 
sodium  form. 

Separation  of  the  sample  into  size  fractions  was  attempted  by 
settling  and  Stoke 's  law  calculations.  After  a  few  small-scale  attempts 
it  was  found  that  the  errors  involved  in  fractionation  of  the  sample  and 
the  uncertainties  in  percentages  settled  and  in  suspension  were  too  great 
to  make  it  possible  to  determine  the  effect  of  the  particle  size  on 
destabilization.  A  few  tests  run  on  suspensions  of  the  unfractionated 
resin  produced,  together  with  sparse  floe,  the  settling  of  a  few  indi- 
vidual particles  of  the  larger  fraction,  lAile  the  very  fine  ones 
remained  in  suspension.  Eleetrophoretic  mobility  determinations  showed 


♦ 

Amberlite  CG-120,  Type  HI,  a  product  of  Rohm  &  Haas  Company. 
Philadelphia,  Pa. 
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a  wide  range  of  values  for  the  individual  particles.  No  further 
atteinpts  were  made  since  the  described  results  were  not  too  promising 
for  the  purpose  of  this  investigation. 


^  Colored  Water 

•4 


Color  in  water  is  believed  to  be  present  as  a  colloid  of  extremely- 
fine  particle  size.  HLack  and  Christman^^  fotmd  that  the  majority  of  the 
particles  of  the  color  are  in  the  4.8  to  10.0  mM-  range.  ELack  and 
Vftllems?^  working  with  a  cationic  polyelectrolyte  previously  used  by' 
Cohen  et  ^.,^^  foimd  that  very  high  dosages  were  fairly  effective  for 
color  removal  but  only  in  the  acid  range. 

Since  the  particles  of  the  color  colloid  are  so  small  in  size, 
the  surface  areas  of  the  systems  involved  must  be  very  high  even  at  low 
concentrations.  To  destabilize  a  system  of  this  type,  very  high  polymer 
dosages  would  be  predicted  in  accordance  with  the  results  obtained 
throughout  this  study.  A  short  esqperimental  series  was  run  on  a  sample 
of  colored  water  previously  used  in  the  laboratory  by  other  investiga- 
tors.^-^^  ^  After  some  exploratory  tests  with  increasing  polymer  dosages, 
an  increased  turbidity  effect  similar  to  that  described  for  the  smallest 
latex  particles  was  noticed  first,  followed  by  actual  formation  of  floe. 
Polymer  overdosage  caused  redispersion.  Fairly  good  flocculation  was 
obtained  at  a  polymer  dosage  range  of  from  20  to  30  rag/l  with  optimum 
removal  occurring  at  25  mg/l  of  polymer.  Color  reduction  was  not  comc 
plete;  approximately  36  percent  of  the  original  color  remaining  after 
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destabilizatlon  at  the  optimum  poller  dosage. 

The  results  obtained  show,  at  least  qualitatively,  that  the 
mechanisms  involved  in  this  case  are  probably  similar  to  those  studied 
for  the  other  colloids. 


Vni.  DISCUSSION  AND  CONCLUSIONS 

Discussion 

Most  of  the  results  obtained  in  the  present  investigation  agree 
with  the  general  predictions  outlined  in  Chapter  II,  and  either  consti- 
tute a  proof  of  the  correctness  of  the  arguments  relating  particle  size 
or  furnish  additional  evidence  supporting  them. 

The  simple  series  of  observations  on  the  variation  of  the  optical 
densities  of  latex  suspensions  with  particle  size  demonstrates  that 
optical  turbidity  may  not  be  used  as  a  safe  guide  in  predicting  the 
dosage  of  flocculant  required  for  optimum  destabilization. 

The  results  obtained  for  the  destabilization  of  latex  suspensions 
with  a  cationic  polymer  are  conclusive  and  clearly  show  quantitative 
relationships  between  the  optimum  polymer  dosage  and  the  surface  area 
of  the  suspensions,  which  are  in  turn  related  to  the  size  of  the  par- 
ticles involved.  The  availability  of  monodisperse  suspensions  in  a 
wide  range  of  particle  sizes  has  made  it  possible  to  demonstrate  the 
quantitative  relationships  which  have  been  foxmd  to  characterize  the 
destabilization  of  such  suspensions.  Also,  the  experiments  run  with 
polydisperse  suspensions  and  with  their  component  monodisperse  frac- 
tions provide  convincing  evidence  of  the  relationship  between  system 
area  and  optimum  polymer  dosage.  AH  these  results  make  it  possible 
to  state  that  the  amount  of  cationic  polymer  required  for  the  optimum 
destabilization  of  a  colloidal  suspension  is  directly  proporUonal  to 
the  area  of  the  system,  other  factors  remaining  unchanged.  Although 
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suspension  concentrations  used  were  never  too  high,  the  fairly  wide 
range  of  two  orders  of  magnitude  covered  with  the  88  nix  diameter  latex 
did  not  show  any  deviation  from  this  proportionality.  The  fact  that 
a  polymer  of  only  one  molecular  weight  has  been  used  throughout  the 
investigation  is  not  believed  to  significantly  limit  the  validity  of 
this  statement.  The  results  obtained  on  silica  and  clay  suspensions 
indicate  the  applicability  of  these  findings  to  colloids  of  different 
types.  Vlhen  one  compares  the  effect  of  particle  size  on  flocculation 
by  high  polymers  with  those  observed  when  destabilizing  the  suspensions 
with  metal  coagulants,  the  observed  differences  are  those  which  would 
be  expected  to  be  found,  based  upon  what  is  presently  known. 

Of  some  interest  also  are  the  intermediate  results  obtained  with 
alum  at  pH  values  where  the  existence  of  polymerized  complexes  has  been 
rather  well  established  by  a  number  of  investigators. 

From  the  discussion  aidvanced  in  Chapter  II  concerning  different 
models  for  coagulation  and  flocculation  xmder  static  and  nonstatic 
conditions  of  the  suspending  medium,  and  based  upon  a  comparison  with 
the  experimental  results  related  to  the  kinetics  of  the  flocculation 
mechanisms  discussed  in  Chapter  IV,  it  appears  that  none  of  the  theoret. 
ical  models  is  really  applicable  to  the  actual  mixing  conditions 
existing  in  the  jars.  There  is  no  doubt  that  at  the  mixing  speeds 
employed  turbulent  conditions  should  prevail  at  the  normal  viscosity 
of  water.  However,  during  the  mixing  of  clay  suspensions,  close 
observation  of  the  Jars  before  addition  of  the  destabilizing  agent 
shows  the  existence  of  the  phenomenon  of  streaming  birefringence, 
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Indicating  that  the  kaolinite  plates  travel  in  a  parallel  orientation, 
and  this  fact  is  contrary  to  the  assiiraption  of  isotropic  turbulence  in 
the  model  discussed  by  Levich. 

From  the  inverse  linear  relationship  noticed  in  Figure  16  between 
surface  areas  and  times  for  first  visible  floe,  it  might  be  thought  that 
it  is  the  projected  area  of  the  particles,  perpendicular  to  their 
general  direction  of  motion,  that  determines  their  collision  probability ♦ 
If  a  model  based  on  an  assumption  of  anisotropic  turbulence  could  be 
established,  in  which  the  particles  would  travel  in  approximately 
parallel  paths  but  subject  to  conditions  of  alternate  relative  accelera- 
tion and  deceleration  due  to  mixing,  these  empirical  results  might  be 
theoretically  supported,  since  the  surface  areas  of  the  systems  are 
proportional  to  the  projected  areas  on  a  plane,  both  depending  on  the 
square  of  the  radii  of  the  particles.  If  in  the  derivation  made  in 
Chapter  II  for  the  case  of  gradient  coagulation  the  velocity  of  the 
particles  approaching  the  sphere  of  attraction  is  not  assumed  to  be 
related  to  a  gradient  but  independent  of  the  values  of  z,  and  the 
corresponding  term  is  taken  out  of  the  integral,  a  final  expression  is 
obtained  in  which  the  probability  of  collision  is  proportional  to  the 
area  of  the  circle  and  in  turn  to  the  system  area.  These  are,  of 
course,  only  conjectures,  which  serve  to  suggest  possible  explanations 
for  the  observations  made. 

During  the  experiments  it  was  also  observed  qualitatively  that 
as  a  rule  the  small  particle  size  fractions  of  polydisperse  suspensions 
helped  to  remove  the  larger  ones  by  entrainment  in  the  floe,  as  earlier 
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suggested  by  Langelier.  Polydispersity  appears  to  facilitate  floccula- 
^tion. 

One  more  observation  was  that  for  the  vmchanged  conditions  of 
mixing  and  the  same  molecular  weight  of  polymer,  the  final  size  of  the 
latex  floe  seemed  to  vary  in  inverse  proportion  with  the  diameter  of 
the  primary  suspended  particles.  The  relative  size  of  the  polymer 
molecules  and  of  the  particles  might  be  expected  to  exert  an  influence 
since  inertia  forces  increase  with  the  volume  of  the  particles,  whereas 
polymer  adsorption  depends  on  the  number  of  available  sites  on  the  sur- 
face and  the  number  of  segments  in  the  molecule. 

During  the  early  stages  of  the  investigation  the  observations  of 
the  electrophoretic  mobility  of  the  particles  were  of  great  help  in 
identifying  zones  of  over-and  underdosage  of  the  systems.  In  general, 
it  was  found  that  optimum  turbidity  removal  was  obtained  at  lower 
dosages  than  those  required  for  mobility  reversal.  In  the  unflocculated 
latex  suspensions,  mobilities  were  found  to  increase  with  particle  size. 
When  particles  of  different  chemical  nature  were  flocculated  with  a 
cationic  polymer  it  was  observed  that  for  equal  total  surface  areas, 
different  amounts  of  the  same  polymer  were  required  for  optimum  de- 
stabilization  of  each  system.  An  explanation  is  that  a  different  type 
of  polyner-to-surface  bonding  might  predominate  in  each  case.  It  is 
also  possible  that  all  the  surface  area  is  not  available  to  the  polymer 
molecule,  and  that  the  fraction  available  is  different  for  each  type  of 
particle. 
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Conclusions 

The  following  principal  conclusions  can  be  drawn  as  a  result  of 
this  investigation. 

First,  in  flocculation  with  a  cationic  polymer,  the  dosages  that 
produce  optimum  turbidity  removal  increase  directly  with  the  surface 
area  of  the  system,  which  in  turn  is  inversely  proportional  to  the  size 
of  the  suspended  particles. 

Second,  in  the  case  of  a  nonionic  polymer  used  in  conjunction 
with  a  metal  coagulant,  particle  size  has  an  effect  on  the  polymer 
dosages  for  optimum  destabilization,  the  smaller  particles  requiring 
higher  dosages. 

Third,  in  coagulation  with  a  nonhydrolyzing  metal  coagulant  no 
optimum  dosages  are  observed,  and  particle  size  has  no  marked  effect 
oh  required  coagulant  dosages. 

Fourth,  with  a  coagulant  such  as  alum,  which  is  polymexi.zed 
through  tv/clrolysis  at  certain  pH  values,  particle  size  has  an  effect 
en  the  required  dosages,  although  the  relationship  has  not  been  so 
well  defined  as  with  high  polymers. 

Fifth,  particle  size  has  a  definite  effect  on  the  kinetics  of 
the  destabilization  process,  making  it  faster  the  smaller  the  size, 
other  factors  remaining  unchanged. 

Sixth,  suspensions  having  the  same  weight  concentration  but 
differing  in  particle  size  may  exhibit  wide  differences  in  optical 
turbidity. 

Seventh,  the  smaller  size  particles  always  produced  larger 
masses  of  floe  under  the  conditions  investigated. 
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Figures  21  to  73  -  Dependence  of  Residual  Turbidity 
and  EHectrophoretic  Mobility  on  Coagalait  or  Floceu- 
lant  Dosage  for  Latex»  Silica,  and  Clay  Suspensions. 
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21  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabili- 
zation  of  a  Monodisperse  Polystyrene  Latex  Suspension.  Particle 
Diameter  88  vv-t   Suspension  Concentration  5  ng/^* 
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Fig.  22  -  Effect  of  Various  Dosages  of  Cationlc  Polymer  on  the  Destabill- 
zation  of  a  Monodisperso  Polystyrene  Latex  Suspension,  Particle 
Diameter  88  m.   Suspension  Concentration  10  mg/1. 
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Fig.  23  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabili- 
zation  of  a  Monodisperse  Polystyrene  Latex  Suspension.  Particle 
Diameter  88  m^,  Suspension  Concentration  20  mg/l. 
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-  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabili- 
zation  of  a  Monodisperse  Polystyrene  Latex  Suspension.  Particle 
Diameter  88  n*-.   Suspension  Concentration  25  mg/l. 
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Fig.  25  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabili- 
zation  of  a  Monodisperse  Polystyrene  Latex  Siispension.  Particle 
Diameter  88  nii,  Suspension  Concentration  50  log/^* 
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Fig«  26  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabili- 
zation  of  a  Monodisperse  Polystyrene  Latex  Suspension.  Particle 
Diameter  88  m|i.  Suspension  Concentration  100  mg/l. 
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Fig.  27  -  Effect  of  Various  Dosages  of  Catlonic  Polymer  on  the  DtatabiU* 
zation  of  a  Monodisperse  Polystyrene  Latex  Suspension.  Pftrtlel* 
Diameter  88  mtx,  Suspension  Concentration.  200  ng/1. 
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Fig.  28  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabili- 
zation  of  a  Monodisperse  Polystyrene  Latex  Suspension.  Particle 
.  Diameter  88  w-t   Suspension  Concentration  500  mg/l. 
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Fig.  29  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabili- 
zation  of  a  Monodisperse  Polystyrene  Latex  Suspension.  Particle 
Diameter  126  m|x.  Suspension  Concentration  50  mg/l. 
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Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabili- 
zation  of  a  Monodisperse  Polystyrene  Latex  Suspension.  Particle 
Diameter  126  n^i.  Suspension  Concentration  100  ng/l. 
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Fig.  JL  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Dostabili- 
zation  of  a  Monodiaparse  Polyatyreno  Latox  Susr-ension,  Particle 
Diameter  126  mi^,  Suaponsion  Concentration  200  mc/l. 
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32  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabili- 
zatlon  of  a  Monodisperse  Polystyrene  Utex  Suspension.  Particle 
Diameter  264-  m.   Suspension  Concentration  25  rag/1. 
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33  •  Effeot  of  Various  Dosages  of  Cationio  Polymer  on  the  Destabili- 
zati<m  of  a  Honodisperse  Polystyrene  Latex  Suspension.    Particle 
Diameter  264  n»i.  Suspension  Concentration  50  mg/l. 
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Fig.  y*   -  Effect  of  Various  Dosages  of  Catlonlc  Polymer  on  the  Destabili- 
zation  of  a  Monodisperse  Polystyrene  Latex  Suspension.  Partiqle 
Diameter  26^ Dti,  Suspension  Concentration  100  mg/l. 
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^8*  35  *  Effect  of  Various  Dosages  of  Cationie  Polymer  on  the  Destabili- 
zatlon  of  a  Honodisperae  Polystyrene  Latex  Suspension.  Particle 
Diameter  26if  m|i,  Suspension  Concentration  200  rog/l. 
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Fig.  36  -  Effect  of  Various  Dosages  of  Cationio  Polyner  on  the  Destabili- 
zation  of  a  Monodisperse  Polystyrene  Latex  Suspension.  Particle 
Diameter  26'f  nt*.  Suspension  Concentration  5OO  mg/l. 
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Fig*  37  -  Effect  of  Various  Dosages  of  Cationic  Polyner  on  the  Destabili- 
zation  of  a  Monodisperse  Polystyrene  Latex  Suspension.    Particle 
Dianeter  365  b»i,  Suspension  Concentration  100  mg/l. 
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Fig.  38  -  Effect  of  Various  Dosages  of  Cationie  Polymer  on  the  Destabillr 
zaUon  of  a  Monodisperse  Polystyrene  Latex  Suspension.  ParUde 
diameter  557  m)i,  Suspension  Conoentration  100  mg/1. 
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^  m  Effect  of  Various  Dosages  of  Cationlc  Polymer  on  the  Destabill- 
zation  of  a  Monodisperse  Polystyrene  Latex  Suspension.  Particle 
Diameter  557  m.  Suspension  Concentration  200  mg/l« 
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M  -  Effect  of  Various  Dosages  of  Catlonlc  Polymer  on  the  Destabill- 
zatlon  of  a  Monodisperse  Polystyrene  Latex  Suspension.  Particle 
Diameter  I3O5  n(i,  Suspension  Concentration  50  mg/1* 
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Fig.  ^1  -  Effect  of  Various  Dosages  of  Catlonlc  Polyner  on  the  Destabili- 
zatlon  of  a  Monodlsperse  Polystyrene  Latex  Suspension.  Particle 
Diameter  1305  m.  Suspension  Concentratloi  100  ng/l. 
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Fig.  42  -  Effect  of  Various  Dosages  of  Catlonio  Polymer  on  the  Destabill- 
zation  of  a  Monodtsperse  Polystyrene  Utex  Suspension.  Particle 
Diameter  I305  wi^  Suspension  Concentration  200  mg/1. 
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Fig.  ^3  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabili- 
zatLon  of  a  Monodisperse  Polyvinyl  toluene  Latex  Suspension. 
Particle  Diameter  3^90  n)»,  Suspension  Concentration  25  mg/l. 
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Jig,  1*4  -  Effect  of  Various  Dosages  of  Catlonio  Polymer  on  the  Destabili- 
zation  of  a  Monodlsperse  Polyvinyltoluene  Latex  Suspension. 
Fartiole  OiasMter  3'f90  n|i,  Suspension  Concentration  50  mg/1. 
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Fig. 


45  -  Effect  of  Various  Dosages  of  Catlonic  Polymer  on  the  Destablli- 
-  zation  of  a  Monodisperse  Polyvinyltoluene  Latex  Suspension. 
Particle  Diameter  3490  m|i,  Suspension  Concentration  100  mg/l. 
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Fig.  46  -  Effeot  of  Various  Dosages  of  Catlonic  Polymer  on  the  Destabili- 
xation  of  a  Monbdisperse  Polyvinyltoluene  Latex  Suspension. 
Particle  Diameter  3490  n)i,  Suspension  Concentration  200  mg/1. 
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47  -  Effects  of  Various  Dosages  of  Catlonic  Polymer  on  the  Destabili- 
zation  of  a  Sllioa  Suspension,  MN-U-SIL  **5vf.  Average  Particle 
Size  l.lM,  Suspension  Concentration  100  mg/l* 
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Fig.  48  -  Effects  of  Various  Dosages  of  Cationie  Polymer  on  the  Destabili- 
zation  of  a  Silioa  Suspension*  HIN-U*SIL  **5(i",  Average  Particle 
Size  1*1  |Ji,  Suspension  Concentration  200  ng/1. 
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2«9  -  Effect  of  Various  Dosages  of  Cationio  Polymer  on  the  Destabili- 
zation  of  a  Silica  Suspension.  MIN-U-SIL  "S^**,  Average 
Particle  Size  1.1  »»»  Suspension  Concentration  300  mg/1. 
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Fig.  50  -  Effect  of  Various  Dosages  of  Catlonlc  Polymer  on  the  Destabilli- 
zation  of  a  Silioa  Suspension.  UCAR^ubnicron,  Average  Particle 
Size  120  n(i,  Suspension  Concentration  100  mg/l. 
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Fie  51  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabili- 
aatlon  of  a  Silica  Suspension.  UCAR-Submicron,  Average  Particle 
Size  120  mt    Suspension  Concentration  200  ng/l« 
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Fig*  52  -  Effect  of  Various  Dosages  of  Cationie  Polymer  on  the  Destabili- 
zatlon  of  a  Silica  Suspension.  UCAR-Submioron,  Average  Particle 
Size  120  otfi.  Suspension  Concentration  300  mg/l. 
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53  -  Effect  of  Various  Dosages  of  Cationle  Polymer  on  the  Destabili- 
zatlon  of  a  Silica  Suspension.  Cab-0-Sil  M-5i  Particle  Size 
15  m^.  Suspension  Concentration  100  mg/l* 
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5t»  -  Effect  of  Various  Dosages  of  Cationio  Polymer  on  the  Destabili- 
zation  of  a  Silica  Suspension*  Cab-O-Sil  H-5f  Particle  Size 
15  roti>,  Suspension  Concentration  200  ng/l. 
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Fig.  55  -  Effect  of  Various  Dosages  of  Cationlc  Polymer  on  the  Destabill- 
zation  of  a  Silica  Suspension*  Cab-0-Sil  M-5t  Particle  Size 
15  infi,  Suspension  Concentration  3^0  mg/l. 
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Fig.  56  -  Effect  of  Various  Dosages  of  Alum  on  the  Destabilization  of  a 

Silica  Suspension  at  Final  pH  »  if.O  Approximately,  Miji-U-Sil  "Si*" 
Average  Particle  Size  l.lli,  Suspension  Concentration  200  mg/l. 
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Fig*  57  "  Effect  of  Various  Dosages  of  Alum  on  the  De stabilization  of  a 
Silica  Suspension  at  Final  pH  =  if  .0  Approximately.  Min-U-Sil 
'<5li",  Average  Particle  Size  1.1^,  Suspension  Concentration  ifOO 
mg/l. 
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Fig.  58  -Effect  of  Various  Dosages  of  Alum  on  the  Destabilizatlon  of  a 
Silica  Suspension  at  Final  pH  =  if.O  Approximately.  UCAR-Sub- 
micron,  Average  Particle  Size  0.12  ii.   Suspension  Concentration 
200  mg/l. 
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Fig.  59  -  Effect  of  Various  Dosages  of  Alum  on  the  Destabilization  of  a 
Silica  Suspension  at  Final  pH  =  if.O  Approximately.  UCAR-Sub- 
micron,  Average  Particle  Size  0.12)i,  Suspension  Concentration 
If 00  mg/l. 
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Fig.  60  .  Effect  of  Various  Dosages  of  Alum  on  the  Destabilization  of  a 
Silica  Suspension  at  Final  pH  range  i^, 7  -5.it.  Min-U-Sil  "5^", 
Average  Particle  Size  l.lU,  Suspension  Concentration  200  mg/l. 
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61  -  Effect  of  Various  Dosages  of  Alum  on  the  Destabilization  of  a 
Silica  Suspension  at  Final  pH  range  ^.7  -  5.^.  Min-U-Sil  "51^" 
Silica,  Average  Particle  Size  l.li*,  Suspension  Concentration 
IfOO  mg/l. 
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Fie.  62  -  Effect  of  Various  Dosages  of  Alum  on  the  Destabilization  of  a 
Silica  Suspension  at  Final  pH  Range  if  .6  -  5.2.  UCAR-Submicron, 
Average  Particle  Size  0,12V;   Suspension  Concentration  200  mg/l. 
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FiE  63  -Effect  of  Various  Dosages  of  Alum  on  the  Destabilization  of  a 
Silica  Suspension  at  Final  pH  Range  k,6  -  5.2.  UCAR-Submicron, 
Average  Particle  Size  0,12V;   Suspension  Concentration  400  mg/l.. 
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6k   -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabiliza- 
tion  of  a  Kaolin! te  Clay  Suspension.  Particle  Infomation  Service 
Sample  30 Jf,  Suspension  Concentration  25  mg/l. 
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65  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabiliza- 
tion  of  a  Kaolinite  Clay  Suspension.  Particle  Information  Ser\rice 
Sample  30J^,  Suspension  Concentration  50  i°g/l* 
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Fig.  66  .  Effect  of  Various  Dosages  of  Cationie  Polymer  on  the  Destabiliza- 
tion  of  a  Kaolinite  Clay  Suspension.  Particle  Information  Service 
Sample  30Jf,  Suspension  Concentration  100  mg/l. 
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Fie  67  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabiliza- 
tion  of  a  Kaolinite  Clay  Suspension.  Particle  Information  Service 
Sample  30-4,  Suspension  Concentration  150  mg/l. 
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Fig, 


68  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabiliza- 
tion  of  a  Kaolinite  Clay  Suspension.  Particle  Information  Service 
Sample  30J1(>,  Suspension  Concentration  200  mg/l. 


-  120  - 


: 


a 


60 


70 


30 


90  100 

Polymer  Dosage, 


110 
Jig/1. 


120 


130 


li^O 


60 


70 


80 


90     100 
Polymer  Dosage, 


110 
|ig/l. 


120 


130 


lifO 


Fig.  69    -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabiliza- 
tlon  of  a  Kaolinite  Clay  Suspension.     Particle  Information  Service 
Sample  30-5,  Suspension  Concentration  25  mg/l. 
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Fig.  70  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabiliza- 
tion  of  a  Kaolinite  Clay  Suspension.  Particle  Information  Service 
Sample  30-5,  Suspension  Concentration  50  mg/l. 
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71  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabiliza- 
tion  of  a  Kaolinite  Clay  Suspension.  Particle  Information  Service 
Sample  3O-5,  Suspension  Concentration  100  mg/l. 
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Fig.  72  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabiliza- 
tion  of  a  Kaolin! te  Clay  Suspension.  Particle  Information  Service 
Sample  30-5,  Suspension  Concentration  I50  mg/l. 
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Fig.  73  -  Effect  of  Various  Dosages  of  Cationic  Polymer  on  the  Destabiliza- 
tion  of  a  Kaolinite  Clay  Suspension.  Particle  Information  Service 
Sample  30-5,  Suspension  Concentration  200  mg/l. 
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Table  k 

Optical  Densities  of  Monpdisperse  Latex  Suspensions 
at  Various  Concentrations 

light  Path  =  75  ram.  Wave  Length  of  Filter  =  650  mJi, 


Particle 
Diameter 

5 

Suspension  Concentration, 
10               25                50 

mg/1 
100 

200 

88 

0.005 

0.010 

0.032 

0.070 

0.135 

0.259 

126 

0.020 

0.041 

0.103 

0.205 

0.410 

0.765 

26M- 

0.089 

0.178 

0.420 

O.8O5 

1.47 

2.0 

365 

O.IS^I- 

0.275 

0.630 

1.12 

1.78 

2.0 

557 

0.20if 

0.390 

0.840 

1.32 

1.87 

2.0 

796 

0,247 

0.445 

0.875 

1.35 

1.89 

2.0 

1305 

0.206 

0.379 

0.720 

1.09 

1.60 

2.0 

3490 

0.061 

0.124 

0.290 

0.550 

0.960 

1.51 

lOji* 

0.009 

0.029 

0.080 

O.I62 

0.325 

0.590 

*  This  suspension  is  not  monodisperse  but  contains  a  6-14  M-  range  of 
sizes. 
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Table  5 


Optical  Densities  of  Monodisperse  Latex  Suspensions 
at  Various  Concentrations 

Light  Path  =  37.5  mm.  Wave  Length  of  Filter  =  65O  mM-. 


Particle 
Diameter 

5 

Suspension  Concentration, 

10           25            50 

mg/1 
100 

200 

88 

o.oot* 

0.007 

0.019 

0.036 

0.073 

0.136 

126 

0.013 

0.022 

0.059 

0.105 

0.206 

0.395 

261^ 

0.0If6 

0.088 

0.215 

0.1^20 

O.78O 

1.36 

365 

0.075 

0.139 

0.322 

0.595 

1.08 

1.60 

557 

0.096 

0.19lf 

0.i|42 

0.790 

1.20 

1.65- 

796 

0.101 

0.210 

0./f60 

0.780 

1.19 

1.60 

1305 

0.073 

0.1/f8 

0.371 

0.660 

i,m 

l.'f5 

3^90 

0.020 

0.0«*2 

0.097 

0.212 

0.l^70 

0.875 

.  ion* 

0.006 

0.013 

0.031 

0.069 

0.138 

0.2if0 

*  This  suspension  is  not  monodisperse  but  contains  a  6-lA  M-  range  of 
sizes . 
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Table  6 


Optical  Densities  of  Monodisperse  Latex  Suspensions 
at  Various  Concentrations 

Light  Path  =  75  mm.  Wave  Length  of  Filter  =  i^20  m. 


Particle 
Diameter 

5 

Suspens 
10 

ion  Concentration, 
25             50 

mg/l 
100 

200 

88 

0.038 

O.O65 

o.ivj. 

0.255 

0./f28 

0.625 

]26 

0.081 

0.Ui^7 

0.315 

O.5I8 

0.7W 

0.990 

26lt 

0.20i|. 

O.36O 

0.685 

1.02 

1.50 

2.00 

365 

0.229 

o.ia6 

0.787 

1.19 

1.72 

2.0 

557 

0.267 

0.505 

0,9^5 

l./fO 

1.90 

2.0 

796 

0.250 

0.i^79 

0.895 

1.36 

1.85 

2.0 

1305 

0.13if 

0.278 

0.635 

1.06 

1.60 

2.0 

3^90 

o.05l^ 

o.n? 

0.229 

OM 

0.825 

1.30 

ion* 

0.016 

0.032 

0.069 

0.162 

0.292 

0.520 

*    This  suspension  is  not'  monodisperse  but  contains  a  6-1^  ^  range  of 
sizes . 
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Table  k5 

Effect  of  Tines  of  Mixing  on  the  Destabilization  of  an  88  m    Dia., 
100  mg/l  Latex  Suspension  with  Cationic  Polymer 

Mixing  Rate  20  RIM  Polymer  Dosage  2250  |Jig/l 

Residual  Turbidity     Electrophoretic 
Mixing  Time   No.  of   Optical    Percent    Mobility 
Jar  No.   Minutes      Revs,    Density    of  Ti      n/sec/v/cra 


Rl  -0* 

0 

0 

o.l3i^ 

100'.  0 

-2.96 

Rl  -1 

0.5 

10 

0.236 

176.0 

; 

— 

Rl  -2 

1.0 

20 

0.236 

176.0 

-1.79 

Rl  -3 

2.0 

ko 

0.241 

180.0 

— 

Rl  Jf 

5 

100 

0.202 

151.0 

— 

Rl-5 

10 

200 

0.080 

59.7 

-1.90 

Rl  -6 

25 

500 

0.033 

2/f.6 

— 

Rl  -7 

100 

2000 

0.013 

9.7 

-1.83 

Rl  -8 

0 

0 

QM3 

3I6.O 

— 

*    No  polymer  added. 
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Table  46 


Effect  of  Times  of  Mixing  on  the  Destabilization  of  an  88  ntfi  Dia., 
100  rag/1  Latex  Suspension  with  Cationic  Polymer 


Mixing  Rate  100  RFM 


Polymer  Dosage  2250  |xg/l 


Residual  Turbidity     Electrophoretio 
Mixing  Time   No.  of   Optical    Percent    Mobility 
Jar  No,   Minutes      Revs.    Density    of  Ti      |i/sec/v/cm 


RU-0* 

0 

RU-1 

0.2 

R1A.2 

0.5 

RlA-3 

1.0 

RU-4 

2.0 

RlA-5 

5.0 

RU-6 

10 

RU-7 

20 

RU-8 

0 

0 

0.13ifr 

100.0 

20 

0.233 

ly^f.o 

50 

0.250 

187.0 

100 

O.I62 

121.0 

200 

0.08if 

62.6 

500 

0.053 

39.6 

1000 

0.036 

26.9 

2000 

o.ott5 

33.6 

0 

OMJ 

316.O 

-2.96 
-1.90 


-1.83 


-1.81^ 


*  No  polymer  added. 
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Table  47 


Effect  of  Times  of  Mixing  on  the  Destabilization  of  a  264-  mH  Dia., 
100  mg/l  Latex  Suspension  vith  Cationic  Poljrmer 


Mixing  Rate  20  RPM 

Polymer  Dosage  750  V-g/l 

Jar  No. 

Mixing  Time 
Minutes 

No.  of 
Revs. 

Residual 

Optical 

Density 

Turbidity 
Percent 
of  Ti 

Electrophoretic 

Mobility 

fi/sec/v/cm 

R2  -0* 

0 

0 

1.55 

-   100.0 

-2.98 

R2  -1 

1.0 

20 

1.60 

103.2 

-1.96 

R2  -2 

5.0 

100 

1.55 

100.0 

-1.78 

R2  -3 

10.0 

200 

1.16 

74.8 

— 

R2~J^ 

27.5 

550 

0.565 

36.4 

— 

R2  -5 

51.5 

1030 

0.if32 

27.9 

-1.86 

R2  -6 

100 

2000 

0./+08 

26.3 

— 

R2  -7 

300 

6000 

0.325 

21.0 

-1.88 

R2  -8 

0 

0 

1.55 

100.0 

~ 

*    No  polymer  added. 
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Table  kS 

Effect  of  Times  of  Mixing  on  the  Destabilization  of  a  Z(M-  vAi    Dia., 
100  mg/l  Latex  Suspension  with  Cationic  Polymer 


Mixing  Rate  100  RIM 

Polymer  Dosage  750  »ig/l 

Jar  No. 

Mtxi.ng  Time 
Minutes 

No.  of 
Revs. 

Residual 

Optical 

Density 

Turbidity 
Percent 
of  Ti 

Electrophoretic 

MobUity 

M>/sec/v/cm 

R2A-0* 

0 

0 

1.55 

100.0 

-2.98 

R2A-1 

1.0 

100 

1.65 

'^~   106.5 

-1.82 

R2A.2 

1.5 

150 

1.60 

103.2 

~ 

R2A-3 

2.0 

200 

1.60 

103.2 

~ 

R2AJ^ 

3.0 

300 

1.50 

96.8 

~ 

R2A-5 

5.0 

500 

1.37 

88.4 

~ 

B2A.6 

10 

1000 

1.33 

85.8 

-1.90 

R2A-7 

40 

4000 

1.25 

80.6 

-1.75 

R2A-8 

0 

0 

1.55 

100.0 

~  ■ 

*    No  polymer  added. 
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Table  49 


Effect  of  Tines  of  Mixing  on  the  Destabiiization  of  a  I305  val^    Dia., 
100  mg/l  Latex  Suspension  with  Cationic  Polymer 

Mixing  Rate  20  RIM  Polymer  Dosage  15O  ^g/l 

<4  Residual  Turbidity     Electrophoretic 

Mixing  Time   No,  of   Optical    Percent    Mobility 
Jar  No.   Minutes      Revs.   Density    of  Ti      n/sec/v/cm 


R3  -0* 

0 

0 

1.60 

100.0 

-5.20 

R3  -1 

10 

200 

1.50 

93.6 

-2.49 

R3  -2 

20 

400 

1.48 

92.5 

-2.if4 

R3  -3 

30 

600 

1.45 

90.6 

-2.37 

R3  -4 

50 

1000 

1.40 

87.5 

-2.42 

R3  -5 

100 

2000 

1.04 

65.0 

-2.41 

R3  -6 

300 

6000 

0.58 

36.5 

-2.51 

*    Unsettled  sample,  no  polymer  added, 
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Table  50 


Effect  of  Time  of  Mixing  on  the  Destabilization  of  a  I3O5  m    Dia. , 
100  mg/l  Latex  Suspension  with  Cationic  Polymer 


Mixing  Rate  100  RIM 


Polymer  Dosage  I50  fig/l 


Residual  Turbidity 
Mixing  Time   No.  of   Optical    Percent 
Jar  No,   Minutes      Revs.    Density    of  Ti 


Electrophoretic 

Mobility 

li/sec/v/cm 


R3A-0* 

0 

0 

1.60 

100.0 

-5.20 

R3A-1 

2 

200 

1.50 

93.6 

-2.28 

R3A-2 

k 

i^OO 

1.50 

93.6 

-2  .if  5 

R3A.3 

6 

600 

l.i^9 

93.1 

-2.if9 

R3AJ* 

10 

1000 

1.^7 

91.9 

-2.32 

R3A-5 

20 

2000 

1.39 

87.0 

-2.32 

R3A-6 

60 

6000 

1.2lf 

77.5 

-2.52 

*  Unsettled  sample,  no  polymer  added. 
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APPENDIX  C 


Derivation  of  a  Formula  for  the  Location  of  the  Stationary 
Layer  in  a  Cylindrical  Microelectrophoresis  Cell 


In  a  microelectrophoresis  cell,  electro-osmosis  causes  the  liquid 
to  move  relative  to  the  cell  wall.  To  maintain  equilibrium,  a  return 
flow  along  the  axis  of  the  cell  must  exist,  and  the  net  transport  of 
liquid  must  be  zero. 

Somewhere  between  the  axis  and  the  wall  of  the  cell,  at  the 
stationaiy  layer,  the  velocity  of  the  liquid  must  be  zero.  The  electro- 
phoretic  velocity  of  the  particles  traveling  along  this  layer  will  not 
be  affected  1:^  the  movement  of  the  liquid. 

To  determine  the  location  of  this  layer,  laminar  flow  conditions 
must  be  assumed.  Then,  if  v   is  the  electro-osmotic  velocity  of  the 

liquid  at  the  wall  and  a  is  the  radius  o.f 
the  cell,  in  accordance  with  Poiseullle's  law 
the  velocity  at  a  distance  r  from  the  axis 
of  the  cylinder  is  given  by 


V  =  v^^  -  C(a2.r2) 


(1) 


Cell  Cross  Section  in  the  cross  section  of  the  cell,  the 

flow  through  a  circular  element  of  area  between  the  radii  r  and  r  -f  dr 
is 


dQ  =  2nr  dr  v 


(2) 
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Substituting  v  from  (1),  the  net  flow  through  the  cross  section 


IS 


Q 


=  znir   [vgo-C(a2-r^)]  dr  (3) 


Since  the  net  flow  is  zero,  then 

ra         /a        /a 


V 

eo 


r       2  f         ( 

I  r  dr  -  Ca   /  r  dr  +  C  | 
/O         ^        -'O 


end  integrating 


1    2   1   ^   1   ij- 

fv  -1'=^  ^i"'  -0 

then,  collecting  terms  x 

C=2v^^/a2  (2^) 

Substituting  (4)  into  (1): 

^  =  V  -  ^2  v,,/a2)(a2.r2) 
or  00 


At  the  stationary  layer  v  =  0,  Then 

2  r^/a^  -1  =  0     or    r  =  O.707  a 
and  the  distance  of  the  stationary  layer  from  the  cell  wall  is 


/  =  a  -  r  =  0,293  a 

or  <^  =  0.1/^7  d 

where  d  is  the  diameter  of  the  cell. 
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